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'The  response  of  monococpic  direct-contact  and  backpacked  liners  as  hardened  ixiried 
structures  was  studied  through  c.xperiments  on  scale  models  (5/8-inch-diametcr 
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20.  ABSTRACT  (Continued) 

After  the  testing  machine  modifications  and  calibration  tests,  we  performed  static  and 
dynamic  structure  experiments,  mostly  with  a rock  simulant  having  an  unconfined 
compressive  strength  of  about  4300  ps'.  and  a friction  angle  of  33  degrees.  Structures 
imnsisted  of  direct-contact  steel  liners  of  throe  different  radius-to-thickness  ratios 
(a/h  = 50,  25,  12.5)  and  liackpacked  steel  liners  with  a/l\  = 25  and  a/h  = 12.5  steel 
liners  and  with  a backpacking  having  a radius-to-thickness  ratio  of  R/lI  = 4.5.  After 
discussing  the  efficacy  of  lal)oratory  e.xperimcnts  as  a reasonable  representation  of 
actual  field  conditions,  we  performed  a series  of  isotropic  (equal  stress  in  all  three 
directions)  and  unia.\ial- strain  loading  tests  on  models  in  water- saturated  rock,  fol- 
lowed by  uniaxial-strain  loading  tests  on  similar  models  in  dry  rock. 

In  the  isotropic  loading  experiments,  the  load-deformation  relationship  for  the  direct- 
contact  liners  agreed  with  pretest  theoretical  curves  from  the  elastic-plastic  analysis 
and  showed  substantial  increase  in  strength  with  increasing  liner  thickness.  At  the 
higher  loads,  the  aAi  = 50  and  25  liners  buckled  and  the  deformations  Ix'came  larger 
than  predicted  from  the  theory.  The  aAi  = 12.5  liners  did  not  buckle,  even  at  tunnel 
closures  of  five  percent.  With  backpacking,  the  load  was  increased  until  the  Ijackimck- 
ing  was  severely  crushed;  the  steel  liners  sustained  negligil)le  deformation.  Similar 
Ix-havior  was  found  in  uniaxial- strain  loading  experiments,  but  30  to  50  percent  less 
load  was  required  to  cause  five  percent  tunnel  closure  than  under  isotropic  loading. 

In  the  unia.xial-strain  loading  c.xiJcriments  in  dry  rock,  the  response  was  similar  to 
that  in  saturated  rock  but  with  slightly  smaller  deformations.  In  cyclic  loading  experi- 
ments (Ix)lh  isotropic  and  uniaxial- strain)  on  a direct-contact  liner  in  dry  rock,  the 
final  deformation  of  the  tunnel  was  not  seriously  affected  l)y  repeated  unloading  and 
reloading  (i.e.,  the  tunnel  closure  system  shakes  down). 

A structures  experiment  was  performed  as  add-on  to  the  Dining  Car  Event  at  NTS. 
Twelve  structures,  a factor  in  ten  larger  in  size  than  the  lalx)ratory  models,  were 
fielded.  These  structures  have  lx,‘en  recovered,  and  the  results  of  the  test  are 
presented  in  FOR  No.  0887. 
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SUMMARY 


The  goal  of  this  project  is  the  development  of  efficient  structures 
for  deep  basing.  Our  approach  has  been  to  continue  the  investigation  of 
the  response  of  deep  based  structures  through  static  and  dynamic  scale 
model  experiments  started  under  a previous  contract  and  reported  in 
[ij.  The  model  tests  are  vised  to  relate  structviral  response  to  the 
surrounding  rock  properties,  thus  making  it  possible  to  design  struc- 
tures that  are  optimally  matched  to  their  environments.  The  scale-model 
experiments  were  guided  by  analyses  of  structure  and  rock  response 
assuming  a Mohr-Coulomb  rock  strength  characterization. 

The  two  loading  machines  developed  during  the  previous  program  [l] 
wore  modified  to  extend  their  capabilities  and  improve  their  perfor- 
mance. One  is  a hydraulic  static  loading  machine  that  can  test  -l-inch 
(10.2  cm)-diametcr  rock  models  with  s/s-inch  (1.59  c'm)-diamoter  tunnels, 
under  both  isotropic  and  a wide  range  of  triaxial  loading  conditions. 
The  other  is  an  explosive  dynamic  loading  machine  to  test  similar  models, 
also  under  isotropic  or  triaxial  loading.  Tlie  modifications  to  the 
machines  produced  improvements  in  the  four  following  areas:  (l)  tunnel 

access,  (2)  sealing  between  vertical  and  lateral  pressure  chambers, 

(3)  dynamic  pressure  piilses,  and  (4)  general  test  procedures.  Approxi- 
mately sixty  static  and  thirty  dynamic  experiments  were  performed  in 
the  course  of  the  testing  machine  development  phase  of  the  project. 
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Numbers  in  brackets  designate  references  at  the  end  of  the  report. 

The  term  isotropic  loading  Is  used  throughout  this  report  to  denote 
loading  with  equal  stresses  in  all  three  directions.  In  the  static 
case  it  is  synonomous  with  hydrostatic  loading,  but  there  is  no 
standard  equivalent  term  for  the  dynamic  case. 
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After  the  testing  machine  modifications  and  calibration  tests,  we 


performed  twenty  static  and  three  dynamic  experiments  on  rock  specimens 
to  explore  the  basic  response  of  monocoqiie  direct-contact  and  backpacked 
liners  as  hardened  buried  structures.  Most  of  tlie  experiments  were  con- 
ducted with  a rock  simulant  (6B  rock)  having  an  unconfined  compressive 
strengtli  of  about  4300  psi  (29.6  MPa)  and  a friction  angle  of  33  degrees 
(0.576  rad).  In  addition  to  the  laboratory  tests,  a structures  experi- 
ment add-on  to  the  Dining  Car  event  at  NTS  was  performed.  Twelve  struc- 
tures, a factor  of  ten  larger  in  size  than  tlie  laboratory  ;;’.odels,  were 
fielded.  The  results  of  this  test  are  re|)orted  in  POU  6887. 

Before  wc  began  the  laboratory  study  of  direct-contact  and  back- 
packed liners,  we  perfoi’med  a series  of  preliminary  tests  to  chock  the 
validity  of  the  experiments.  These  ijreliminary  tests  addressed  questions 
concerning  boundary  effects,  reproducibility,  the  effect  of  porewatcr 
pressure,  and  the  effect  ot  the  absence  of  a liner.  .After  those  studies 
of  laboratory  experiments  as  a representation  of  actual  field  conditions, 
wc  performed  the  twenty-three  test  matrix  of  experiments  on  direct - 
contact  and  Ijackpacked  liners.  Tl\e  remainder  of  this  summary  presents 
a brief  description  of  the  results  of  Isotropic  and  uniaxial-strain 
loading  tests  on  models  in  water-saturated  rock,  and  uniaxi a 1 -s t ra in 
loading  tests  on  models  in  dry  rock. 

Isotropic  Loading  ICxper inien  1 s in  Saturated  l!<ick 

Si.x  static  isotropic  loading  experiments  were  ix.'r  I oi-med  on  models 

in  waler-saturatccl  r<ick . witli  water  permitted  to  drain  IT-om  the  rock 

during  the  test  so  tliat  no  porewatcr  pressure  de\eloi)ed.  The  direct - 

contact  liners  were  matte  I rom  mild  steel  \lelil  slri'ugtli  " ~ lO.tHtD  psi 

>' 

(27.5  MPa)]  witli  three  dill'erenl  rad  ius  - 1 o- 1 h ickness  rtitios:  a ^li  = .An,  25, 

12.5  (see  I'iguro  1-1,  page  26).  Tlu'  two  liackpaekcd  motiols  consisted  of 
steel  liners  (witli  a/li  = 25  and  12.5)  surrounded  liv  polyu  re  t lianc  loam 
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backpacking  (witli  a radius-to-thickncss  ratio  R/ll  = 4.5),  which  has  a 
crush  strength  oi  about  550  psi  (3.79  MPa)  up  to  a strain  of  40  percent. 
Plots  of  tunnel  closure  versus  pressure  for  these  tests  are  shown  in 
Figure  S-1.  U'e  see  that  the  results  of  the  two  repeat  tests  on  the 
a/h  = 50  direct  contact  liners  (upper  two  curves)  are  in  close  agreement, 
demonstrating  the  repi'oducibility  of  the  experiment.  Both  liners  buckled 
during  the  test,  as  did  the  a/h  = 25  direct  contact  liner.  The  deforma- 
tion of  the  thicker  (a/h  = 25)  direct  contact  liner  is  less  than  that  in 
the  a/h  = 50  liner  because  it  applies  greater  confining  pressure  to  the 
rock  and  also  buckles  less  severely  than  the  thinner  liner.  Similarly, 
the  deformation  of  the  a/h  = 12.5  liner  is  smaller  still,  since  it  does 
not  buckle  at  all.  In  the  backpacked  liners,  the  backpacking  was  severely 
crushed  during  the  test  but  the  steel  liners  were  relatively  undeformed 
because  the  backpacking  had  absorbed  most  of  the  rock  cavity  deformation 
without  applying  excessive  pressure  to  the  steel  liners. 

Figure  S-1  also  shows  t lieori' 1 ica  1 piu'd  ie  1 ions  from  an  e las  t ie-plasi  ir 
analvsis  assuming  t lu'  Moll  r-t'ou  lomh  xicld  crilerion  and  associated  flow- 
rule.  For  the  ah  = 25  liner  and  tin-  a h = 12.5  liner,  the  agreement 
hetween  tlieory  and  experiment  is  surprisingU  good.  For  the  a h = 50 
liner,  the  theort  underi's  t ima  t es  the  amount  ol  elosure.  This  is  attrih- 
uled  to  liner  huekling.  whiih  eausi'd  the  internal  iiressure  applied  to  t lie 
e.ivilv  wall  to  he  s i gn  i f lean  t 1 v less  than  the  simple'  hoop  yield  value' 
usiil  in  the  ea  leu  la  t i ons . 

A dvnamie  isotrople’  loading  tost  was  performed  on  the  a/h  = 50 
d I |■e■e  I contae-1  liner  in  saturaled  roek.  In  the  dynamic  test,  water  was 
nol  pi  t-mil  teal  to  drain  from  the  rock  (hiring  the  test  so  that  porewate'r 
pressure  did  deee'lo]).  The  result  is  also  plotted  (star  symbol'  in 
Figtire  .S-1.  Allhotigh  this  liner  huekU'd  like  its  st.it  ic  conn  t ei'iia  r t . 
we  see  I ha  I the  deformation  in  the  dvntimic  case  is  ahout  10  perce'iil 
less  I hail  in  I he  sialic  case.  'fh  i s dillerence  e;in  le  allril  tiled  in 
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part  to  the  presence  of  porewater  pressure  in  the  dynamic  loading  test, 
which  carries  part  of  the  load  (see  Section  2.4). 

Uniaxial  Strain  Loading  Experiments  on  Saturated  Rock 

Five  static  uniaxial-strain  loading  c-xpcriments  were  performed  on 
the  direct-contact  and  backpacked  liners  in  saturated  rock,  again  with 
water  permitted  to  drain  during  t lie  test  as  in  the  static  isotropic 
tests.  Figure  S-2  shows  plots  of  vertical  tunnel  closure  Ad  /d  as  a 

v' 

function  of  vertical  pressure  from  these  tests.  For  the  direct- 
contact  liners,  we  observe,  as  for  the  isotropic  tests,  that  for  a 
given  load  the  tunnel  closure  decreases  as  the  thickness  of  the  liner 
increases.  However,  the  difference  in  ciosure  Irom  one  liner  to  the 
next  is  not  nearly  as  great  as  it  was  for  isotropic  loading  (Figtiro  S-l). 

The  apparent  reason  is  that  for  isotropic  loading,  the  liner  resists 
def{)rmation  through  hoop  compression,  which  is  the  most  efficient  means 
of  resistance  for  a thin-walled  sliell.  Thus,  for  isotropic  loading, 
the  liner  carries  a significant  part  of  the  total  load;  i.e.,  the  sur- 
rounding rock  docs  not  carry  all  the  load.  However,  for  uniaxial-s t ra in 
loading,  the  liner  resists  deformation  through  a combination  of  hoop 
compression  and  bonding,  which  is  a less  efficient  moans  of  resistance. 

Thus,  for  uniaxial-strain  loading,  the  liner  carries  a smaller  part  of 
the  load,  witli  the  major  part  being  carried  by  the  rock.  Since  tlie  rock 
carries  most  of  the  load,  the  type  of  liner  used  has  little  effect,  and 
hence,  the  reduction  in  deformation  from  one  liner  to  the  next  is  small, 
considering  that  the  liner  wall  thickness  is  doubled  and  then  doubled 
again , 

Liner  deformation  is  reduced  substantially  when  backpacking  is 
added.  However,  under  uniaxial-strain  loading,  the  liners  now  have  de- 
formations of  a few  percent,  in  contrast  lo  less  than  one  percent  through- 
out the  entire  loading  range  luider  axisymmetric  loading  (compare  Figures  S-l 
and  S-2).  The  S shape  of  the  load-deformation  curves  under  uniaxial  strain 


ERTICAL  TUNNEL  CLOSURE,  ADy/Dv  — percent 


loading  (Figure  S-2;  the  actormation  rises,  then  remains  at  a plateau,  and 
then  rises  again)  is  probably  a reflection  of  the  shape  of  the  stress- 
strain  cur\%  of  the  foam  as  it  crushes.  During  early  deformation  tlio 
finite  initial  modulus  of  the  foam  gives  rise  to  a radial  stress  differ- 
ence around  the  circumference  of  the  steel  liner  as  the  rock  cavity  closes 
asymmetrically  under  uniaxial-strain  loading.  This  causes  the  liner  to 
deform  into  an  oval  shape.  At  larger  cavity  closures,  this  stress  dif- 
ference can  no  longer  increase  because  the  foam  begins  to  crush  at  con- 
stant stress  at  the  crown  and  invert,  where  tlie  rock  closure  is  largest. 
Thus,  during  this  period  the  curve  has  a plateau,  where  the  steel  liner 
deformation  remains  constant  as  the  external  loading  increases,  even 
though  the  rock  cavity  continues  to  close.  At  still  larger  external 
loading  and  rock  closure,  the  foam  begins  to  lock  up  so  that  the  stress 
again  rises  and  the  steel  liner  once  again  deforms  witli  increasing  load. 

This  scqvicncc  of  events  is  consistent  with  the  plateaus  in  Figure  S-2 
extending  over  the  same  loading  range  for  both  tlie  a/h  = 12.5  and 
a/h  = 25  liners,  but  with  tlie  plateau  at  a larger  deformation  for  the 
a/h  = 25  liner.  Being  thinner,  the  a/h  = 25  liner  must  oval  more  than 
the  a/h  = 12.5  liner  to  resist  the  stress  difference  around  its  circum- 
ference. U’e  would  expect  tliese  plateaus  of  deformation  to  be  reduced 
for  a foam  with  more  nearly  I’igid-perf ect ] y plastic  stress-strain  behavior 
(as  in  cellular  concrete),  rather  than  elastic-plastic  beliavior  (as  in 
the  polyurethane  foam  used  here). 

Comparison  of  the  uniaxia 1-s t ra in  and  isotropic  loading  results  foi’ 
saturated  rock  shows  that  deformation  for  a given  structure  under  isotropic 
loading  is  consideral;ly  lower.  For  example,  for  tlie  a/h  = 50  direct 
contact  liner,  the  load  required  to  cause  5 percent  tunnel  closure  under 
isotropic  loading  is  P^.  = 12,000  psi  (82.7  MPa)  while  under  uniaxial 
strain  loading,  it  is  P^^  = 8,500  psi  (58.6  MPa).  Thus,  for  the  a/h  = 50 
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linor,  tlic  load-carryinR-  capacity  between  isotropic  loaciin;;  and  uniaxial- 
strain  loading  is  reduced  by  about  30  percent.  This  reduction  in  load- 
carrying capacity  is  even  larger  lor  the  thicker  linei-s.  Tliis  is  another 
aspect  of  the  increased  efficiency  of  liners  under  isotropic  loading  as 
compared  with  uniaxial-strain  loading.  Thus,  as  the  lioop  strength  of 
the  liner  tjecomes  more  significant  compared  with  the  strength  of  the 
rock  (a/h  decreases),  the  difference  in  critical  loads  b-etween  isotropic 
and  uniaxial-strain  loading  liocomcs  larger. 

Unia.xial-Strain  Loading  Experiments  on  Dry  Rock 

Five  static  uniaxial-strain  loading  experiments  were  performed  on 
the  direct -contact  and  l)ackpacked  liners  in  dry  rock  for  comparison  v>,ith 
the  saturated  rock  c.xpcr iraents  described  above.  Figure  S-3  plots  vei'tical 
tunnel  closure  as  a function  of  \ertical  prossui'o  fi'om  those  tests.  Tlie 
general  behavior  of  the  structures  in  dry  rock  is  similar  to  that  in 
saturated  rock,  and  tiie  same  conclusions  hold.  We  note,  however,  that 
the  dry  rock  results  show  reduced  deformation  compared  to  the  saturated 
rock.  This  is  because  the  dry  rock  maintains  a larger  friction  angle  at 
high  load  than  does  the  saturated  rock. 

In  addition  to  the  monotonic  loading  tests  just  discussed,  a static, 
cyclic,  uniaxial-strain  loading  test  was  performed  on  an  a/h  = 12.5  steel- 
lined  tunnel  in  dry  rock.  The  results  of  this  test  are  shown  in  Figure  S-4, 
where  vertical  tiuincl  closure  is  plotted  against  vertical  pressure.  During 
the  initial  loading  to  a pressure  = 9,5  ksi  (65.5  MPa),  tlic  timnol 
closure  reached  2.25  percent.  Upon  luiloading  to  1.1  ksi  (7,58  MPa), 
the  tvuinel  expanded  slightly  to  a closure  of  1,95  percent.  Reloading  to 
9,5  ksi  (65,5  .MPa)  brought  the  closure  to  2.35  percent,  a very  slight 
additional  strain.  Similar  behavior  was  observed  during  unloading  and 
reloading  in  the  vicinity  of  4 percent  closure,  as  shown.  .\lso  shown 


VERTICAL  TUNNEL  CLOSURE,  ADw/Dw  — percent 


VERTICAL  TUNNEL  CLOSURE,  AD.,/D.,  percent 


FIGURE  S-4 


COMPARISON  OF  CYCLIC  AND  MONOTONIC  LOADING  TEST  RESULTS 
UNIAXIAL  STRAIN  LOADING 


are  llio  monoloiiic  loading  lost  ri'sulls.  The  loading'  part  ol  the  eyelie 
loadintt;  results  is  \er%  close  to  l lia  t ol  the  moiiot  otiic  loading  results. 

We  conclude  that  the  tinal  de  I oriiia  t ion  ol  the  tunnel  was  not  seriously 
all'ectcd  l)y  repeated  unloadins^:  and  i-eloadint;  and  that  the  tunnel  closure 
system  "shakes  tlown. " Similar  hehavior  was  observed  in  a cyclic,  isotropic 


loadiiift  test. 
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Conversion  factors  for  U,S,  customary 
to  metric  (SI)  units  of  measurement. 
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kilo  pascal  (kPa) 
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bar 
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bam 
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joule  (J) 
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joule  (J) 
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degree  (angle) 
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degree  Fahrenheit 
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electron  volt 
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erg 
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foot 
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joule  (J) 

1.355  SIS  1 

gallon  (1.  S.  liquid) 

meter  (m  ) 

3.  7S5  412  X E -3  ' 

inch 

meter  (m) 

2 , 54  0 0 00  X E -2 

jerk 

joule  (J) 

1 000  000  X E 4 9 ! 

jouteAilogram  (J/kg)  (radiation  dose 
absorbed) 

Gray  (Gy) 

1 

1 . 000  000  1 

kilotons 

U;  rajoules 

4 i8:i  1 

kip  UOOO  ibt) 

newton  (N) 

4.  448  222  X E 43  i 

kip/inch^  (ksi) 

kilo  pascal  (kPa) 

6 894  757  X E 43  ! 

kUip 

newton  -seermd 
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(N-s/m-) 

1 000  000  X E 4 2 ■ 

1 micron 

meter  (m) 

1 000  000  X E -6 

mil 

meter  (m) 

2.  540  000  XE  -5  ! 

mile  (international) 
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1.  ('.09  344  X E 4 3 

ounce 
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2. 834  952  XK  -2  | 

jM)und -force  (lbs  avoi rdu|iois) 

newton  (N) 

4.  44S  222  1 

1 pound -force  inch 
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1.  129  848  X E -1 
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fi, S94  757  1 

’ pound-ma.sH  (Ibm  avoirdupois) 

kil<Vf!*»Ti  (kg) 

4.535  924  XE-1  1 

pouml -mass -foot”  (moment  of  inertia) 

kilogram-meter^ 

(kK-tri2) 

4. 214  Oil  X E -2 

pound -mass/foot 

kilf^ram/mcte  r‘ 

(kg/m’h 

1.601  84B  X E -tl  1 

rad  (radiation  dose  absorbed) 

••Gray  (Gy) 

1 . 000  000  X E -2  j 

roentgen 

coulomb /kilogram 

(C'/kR) 

2.  579  760  X E -4  1 

shake 

second  (s) 

1 000  000  X E -S  j 

a lug 

kiUigram  (kg) 

1.459  390  X E -.1  | 

torr  (mm  Hg,  0"  (') 

kilo  pascal  (kPa) 

1.333  22  XE-1  1 

•Thv  (Bq)  is  the  SI  unit  of  rncfioactivity;  1 Ikj  1 cvent/s. 

••Th«*  Gray  (Gy)  is  the  SI  unit  of  absorbefi  radiation. 
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l.l  HackKi'uvind 

The  son'll  this  work  is  llie  clevolopmciU  ol  ciricienl  sti-ucUircs 
loi'  dee])  l-asini;-.  Our  appi'oacli  has  been  to  cunt  imic  tlic  investigation  oi 
t !io  response  ot  deep  based  structures  throupii  static  and  dvnamic  scale 
model  experiments,  which  was  started  under  a previous  contract  and 
reported  in  [ij.  The  model  tests  are  used  to  relate  strtictural  re- 
sponse to  the  surrounding  rock  properties,  thus  contributing  to  the  de- 
sign of  structures  tliat  are  optimally  matclted  to  their  environments. 

Deep  l;ascd  sti'uctures  are  needed  to  protect  command,  control,  and 
corvnninicat  ion  centers  from  nuclear  attack.  Hecausc  ol  the  high  cost  ol 
building  these  structures,  clliciency  is  important,  t lie  most  efficient 
structure  being  one  that  provides  the  requii'cd  volume  and  liai'dness  at 
least  cost.  The  lies!  structure  for  deeji  basing  will  depend  on  t lie 
reipiired  vulume.  type  of  contents,  local  geologv.  and  liai'dness  level. 
Hence,  the  best  type  ol  structure  for  one  range  of  conditions  mav  not 
be  the  best  t \ lie  for  another  range  ol  conditions. 

Typical  deep  based  structures  consist  of  cylindrical  or  spherical 
cavities  in  rock,  hardened  with  liners  of  steel  and  concrete.  These 
structures  also  may  have  a crushable  backpacking  material  between  the 
liner  and  the  cavity  wall,  as  indicated  in  Kigure  1-1.  ileasonal  le 
design  pressures  for  a structure  of  this  t \pe  are  on  the  order  of  1 kbar 
t'2j.  Since  a shell  structure  designed  to  support  the  full  1-kbar  pressure 
would  be  impractical,  it  is  apparent  that  the  native  rock  must  carry  most 


Numbers  in  brackets  designate  relerettces  at  the  end  of  the  report. 
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oV  I \u'  Voad.  Tlu'ri' Tori' , t hi'  inos  I t'TTiiioiU  s I riu- 1 ii  i-os  lor  (loop  basiii!; 
will  hi'  t hoso  t ha  I host  ouhauio  I hi'  1 oail-oar  r\  i ira  iapaoil\  oi  I lii-  nalivo 
rook . 

Sovi'i'al  ill's  i;;u  oimiopts  Tor  iloi'p  h.asiu'a  woi'i'  vi\\  I'sT  if'.al  I'l!  in 
1I.\KI>  HAT  anil  P1I,K  li|;i\'Ki;,  and  ailiiilioiial  ili'sinns  will  ho  I I's  1 1'd  in  1 ho 
MKlirrV  KPir  ami  DlAlUiO  HAWK  nniti'rra'onnil  ti'sts.  Thi'so  losis  pro\  idi' 
imii'h  ii.si'liil  in  loriiia  1 ion  ol  a nonora  1 naluro.  Howovor.  mori'  ilolailoil 
ol'.si'i'va  1 i ons  o\or  a widor  rainu'  oi  no*' 1 1'H' i <■'  oondilions  and  loads  aro 
ri'iniiroil  to  do  I o nil  i IK'  iiiiau  l i I a l iio  limits  on  the  appl  loah  i 1 i I \ ol  l lio 
various  dosipn  ooni-i'pls.  On  1 \ I rom  suoli  ohsi'rv  a t ions  ari'  novv  di's  inn 
oonoopls  liki'lv  to  ariso. 

'nto  alii  I i t \ to  apiilt  loads  on  a lahora  l or\  soali  is  l ho  ko\  lo 
dot  i' 1 Ol)  inn  ollioioni  struoturos  loi'  doi'p  lasinr,.  In  1 ho  lahoratorv. 
dolaili'd  ohso  r\a  I ions  can  lo  iiiado  oooiioni  i oa  I I \ lor  various  doop  lasinif 
oonoopls  ovor  a wide  ranpi'  oi  r.i'olonio  and  loadinn  oondilions.  Proiii 
suih  ohso  rv  a I 1 ons  will  ooiiio  an  undors  1 and  i iij',  ol  n sponso  iiii'ohan  i sms  l ha  i 
iiiav  load  lo  now  lonoopts  lor  doi  p hasinj',.  iln  lahoralorv  moihod  oan 
l Ill'll  ho  roappliod  lor  rapid  and  ooonoiiiio.il  ovalu.ilion  ol  iiow  oonoopls 
.IS  1 hot  .1  ro  ili'v  o 1 opoil . 

Provioii.'-i  o\po  r i nil'll  I s on  soalo  modols  ol  doop  h.isod  s 1 riio  I ii  ri'.'.i  h.ivo 
hoon  dovoiod  .iliiiiml  oso  1 u.s  i v o 1 v lo  slatio  losiinn.  P.iniol.  Rowlands. 

.mil  sinr.h  L-'l.;  porlormod  sl.ilii-  o\ po  r imon  l s on  uni  mod  .ind  I mod  lunnol 
modols  in  I iiiios  I oiU'  .mil  marhio.  Honor  .md  llondron  1 1.  lostoil  unlinod 
oponiiij'.s  ns  iiii;  .i  wo.ik  rook-m.i  I oh  i nr,  j'.roul  .is  I ho  i r rook  maiori.il. 
llondron.  l•■nJ',l  linr..  and  Aivor  .“>  oxtondid  this  worlv  lo  inoludo  oxpori- 
monls  on  limd  luiuiols  In  holh  joinlod  .mil  inl.iol  rook,  .is  did  llondi-on 
.mil  I'.nr.olmr,  i>.  . In  .ill  I hoso  o.vpo  r i mon  I s . d.im.iri'  lovi'ls  woro  kopl 
1 .1  1 r 1 V low  1.0..  lunnol  olosuro  ol  unit  .i  low  pin  oiil  . .md  m.mv  ol 


those  tests  were  ptaf;'uecl  by  specimen  crackinfi  not  associated  with  the 
cavity. 

The  response  oi  deep  based  structures  was  studied  at  SRI  [ 1 .! 
through  experiments  on  scale  models,  guided  by  analyses  of  structure 
and  rock  response  assuming  a Mohr-Coulomb  i-ock  strength  cliaractcr iza- 
tion.  Most  of  tlie  e.xperiments  wore  dynamic,  witli  the  loading  pulse 
scaled  to  simulate  a long  duration  ground  shock  from  a nuclear  burst. 

Two  new  loading  macliines  wei’c  designe^d,  fabricated,  and  dcn’cloped  into 
working  laboratory  tools.  One  is  a hvdraulic  static  loading  machine 
that  can  test  4-inch  (l0.2  cm' -diameter  rock  models  with  or  without 
5/s-inch  (l.59  cm'' -d  iameter  t\innols.  under  both  a.xisymmet  ric  and  a 
wide  range  of  triaxial  loading  conditions.  The  other  is  an  c.\i)losivc 
dynamic  loading  machine  to  test  similar  models  of  the  same  size  under 
dynamic  triaxial  loadings  that  closely  simulate  nuclear  loading  environ- 
ments with  various  flow  conditions  (e.g.,  uniaxial  or  diverging  flows). 

After  testing  macliine  development  and  calibration  tests,  we  perlormed 
16  d\  namic  e.xperiments  on  rock  specimens  to  e.x[)lore  basic  rc'sponse  of 
simple  unlined  and  lined  tunnels.  .All  ttie  experiments  were  conducted 
with  a rock  simulant  luiving  an  unconfined  comiiressive  strength  of 
8500  psi  (158.6  MPa),  a friction  angle  ol  30  degrees  (0.523  rad', 
vortical  loading  pressures  ranging  from  8500  psi  (158.6  MPa)  to  20.000  psi 
( 138  MPa),  and  horizontal  pressures  in  most  experiments  adjusted  to  give 
a unia.xial-strain  loading  condition.  Eiglit  of  tlie  experiments  were 
performed  on  unlined  tunnel  models  in  intact  rock.  The  mode  of  failure 
in  those  specimens  was  the  formation  ol  shear  cracks,  which  oi-iginated 
at  the  springlines  of  the  tunnel  and  then  spiraled  to  become  \ertical 
cracks  extending  far  into  the  rock  medium.  Damage  levels  ranged  from 
negligible  to  severe.  Four  of  these  eight  experiments  were  repeated  on 
tunnels  with  steel  liners  in  direct  contact  witli  the  tunnel  cavity. 
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In  cacti  case,  tlic  cll'ocl  of  the  lincx’  was  to  cause  a considerable 
reduction  in  ttie  amount  oi  closui'e  sustained  by  t lie  tunnel  and  less 
extensive  Irac  turiiiK  ol  tlie  rock. 

Ttie  tinal  lour  experiments  were  iierfoi’iiied  on  unlined  tunnels  in 
Jointed  media  with  two  tunnel  d iametcr-t o-Joint -spac inn  ratios.  i)/s  = 5 
and  10.  Ttie  Joints  wei’e  introduced  in  the  models  as  jiarallel  planes 
oriented  parallel  to  ttie  axis  of  tlic-  tunnel  and  perpendicular  to  ttie 
vertical  dirc’ction  of  jirimary  loadinp.  Ttie  jointed  models  were  more 
liiplily  damaged  than  tlieir  intact  counterparts  at  the  same  loadings. 

Aiso,  tile  models  with  l)/s  = 10  sustained  more  damane  than  t liose  with 
I)  S = 5. 

1.2  Approach  and  Scope  ol  ln\ es t ipa t ion 

In  this  inves t i pa t ion . the  response  ol  deep  based  structures  to 
nuclear  protind  shock  loadinp  was  studied  b\  continuinp  the  scale  model 
experiments  just  described.  Utir  iiiii  ial  approach  was  to  dexelop  lor 
each  peolopic-  condition  ol  interest  an  ti  nders  t aitd  i tu;  ol  the  damape 
meclutnism  and  controlling  paranteti  i's  tor  two  pn  si  tit  desipn  coiiec'pts: 
tuitiu'ls  with  direi  I contact  liners  and  tuitiu  Is  with  backpai  ked  liners. 

Six  dillerent  strtictures  were  tested.  The  lirst  structure  was  an  unlined 
lunni'i.  This  is  the  simplest  tunnel  and  serves  a^  a base  line  lor  com- 
parison with  more  soph  i s t i ea  1 1 'd  tunnel  structures.  'iTie  next  three 
tunnels  had  d i ree  t -con  t .le  i steel  liners  ol  dillireiit  rad  ius-t  o-t  h ickness 
ratios  a Ti  = 12.0,  20,  00  (see  fipure  1-1)  . With  t In  se  liners  i' 1 

diltc fent  thicknesses,  w'«'  evalutili  ti  the  etiic  t ol  inti  riial  pressuix  on 
tunnc'l  response  the'  iiitc'rnal  pressure  between  liner  and  tunni'l  is  :it 
the  vield  pressure  eit  the  liner  threuiphoul  much  ol  t Ii<  respeinse  ol  in- 
tefest,  and  can  be  e’slimateel  .is  p = ' 1'  .i  , while'  J is  alnnit  10,000  ps  i 

t V V 

(270  '.!Pa)_.  liie'se  meide  Is  also  showed  the'  inllue  itct  ei I .i  h on  monocoque 
tunnel  Inicklinp.  iinallv,  t wei  structures  with  b.icl.p.ick  inp  (K  11  = 1.0) 


as  well  as  tunnel  liners  (a/h  = 12,5  and  25)  were  tested  to  investit^ate 
'V  tile  effect  of  backpacking  in  preventing  tunnel  closure. 

The  structures  were  tested  in  a rock  simulant  representing  medium 
strength  rock  under  both  dry  and  water-saturated  conditions  and  under 
static  and  dynamic  conditions  so  that  any  dynamic  effects  on  the  i-esponse 
of  the  structures  could  be  studied.  Two  types  of  loading  were  used: 
isotropic  ( axisynmictric  with  respect  to  the  timnel  axis)  and  uniaxial- 
strain  loading.  Tlie  isotropic  loading 

(1)  Simulates  the  type  of  loading  experienced  by  the  structures 
in  the  Dining  Car  experiment  described  later  (the  Dining  Car 
loading  is  bounded  between  isotropic  and  uniaxial  strain) 

(2)  Provides  a means  of  correlating  experimental  results  with 
current  design  procedures  wltich  assvime  isotropic  loading 

(3)  Provides  a comparison  with  the  uniaxial-strain  experiments 
to  ascertain  tlie  importan  e of  load  asymmetry. 

The  test  matrix  is  shown  in  Table  1.1.  Since  most  ot  the  experiments 

reported  in  ^Ij  were  dynamic,  this  work  concentrates  primarily  on  static 

testing.  These  experiments  were  supported  Ijy  a theon-tical  eflort  in 

which  currently  available  elastic  and  elastic-plastic  theories  wen-  used 

to  design  structures,  plan  experiments,  and  interpret  tlie  experimental 

results. 

During  tlie  course  of  the  work,  additional  funds  were  granted  to 
broaden  the  scope  of  the  project  to  include  performing  a structures 
experiment  ns  an  add-on  to  the  Dining  Car  event  at  NTS  (reported  in 
POK  (jH87)  . Twelve  strtictures,  a factor  of  ten  larger  in  size  than  the 
laboratory  models,  were  fielded  along  with  their  small-scale  counterparts 
which  serve  as  a tie-in  to  the  laboratory  tests  and  also  to  demonstrate  the 
effect  of  scaling.  The  laboratory  tests  will  be  used  to  support  this  experi- 
ment and  other  planned  underground  tests  of  large-scale  structures. 
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1.3  Organization  oi'  Hoport 


Tlio  rcmaincier  of  tliis  report  describes  the  planning  of  the  experi- 
ments, the  experimental  results,  and  an  interpretation  of  these  results 
with  accompanying  theoretical  analyses.  Chapter  2 deals  with  the 
tlieoretical  considerations  used  in  the  design  of  the  specimens  and 
testing  machines  and  in  the  planning  of  tlie  e.xper iments.  Chapter  3 
presents  a bi'ief  description  of  the  current  operation  and  capabilities 
of  the  testing  machines.  Chapter  d presents  the  results  of  a series  of 
e.xporiments  used  to  validate  the  experimental  pi-occdure.  Chapter  5 
desci'ibes  the  results  of  static  and  dynamic  isotropic  loading  tests  on 
tunnels  with  dii'cct  contact  linci-s  and  witli  backpacked  liners.  Those 
arc  scale  models  of  the  structures  tested  in  the  Dining  Car  experiment. 
Chapter  6 presents  the  results  of  static  uniaxia 1 -s t ra in  loading  tests 
on  similar  sti'uctui-es.  The  uniaxial-strain  loading  i-esults  arc  compared 
witli  the  isotropic  loading  results.  Chapter  7 presents  a discussion  of 
the  planning  and  fielding  of  the  Dining  Cai'  structui-es  experiment. 

Chapter  8 gives  the  theoretical  analyses  and  comparison  with  experimental 
results.  Appendices  A through  D give  detailed  discussions  of  t lie 
theoretical  analyses,  rock  modeling,  test  machines,  and  experimental 
data,  respectively. 
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TllEOlUmCAL  BASIS  FOU  L;\BORATOUV  INM- STIGATION 


In  this  cliapler  wc  discuss  tho  theoretical  back^rtnind  lor  the 
design  and  planning  ol  the  experiments.  This  incliules  a dimensional 
analysis,  discussions  oI  boundary  ei'fects,  wave  propagation  ellects. 
porewater  pressure,  the  rock  simulant,  and  tlie  eflcct  ol  the  relation- 
ship between  rock  and  liner  properties,  and  a tlescription  of  tlie  test 
specimen.  Tlie  first  throe  ol  these  topics  wore  addrcssetl  in  'l^.  For 
continuity,  the  results  I’cpoi-ted  in  [ij  are  repeated  here  in  abbreviated 
form  along  with  the  new  results  from  the  present  program. 

2 . 1 Dimensional  Analysis 

Since  tho  usefulness  of  this  investigation  de]iends  on  the  similitudi' 
of  the  scale  models,  the  variables  that  have  a dominant  ellect  on  t he 
response  of  our  structures  must  be  appropriately  scaled.  The  dimensional 
analysis  is  similar  to  that  in  Ll]  but  witli  several  dillci'ences  that  are 
discussed  later.  The  following  variables  are  considered  significant; 

Applied  Loads 

= peak  vertical  pressure 
= peak  horizontal  pressure 

Material  Properties 

K = Young's  modulus  of  rock 
V = Poisson's  ratio  of  rock 
0 = density  of  rock 

a = unconfined  compressive  strengtii  of  rock 
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This  selection  ol  35  significant  variables  leads  to  the  following  set 
ol  32  d imens  ion  Ic'ss  groups: 
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In  oia'  experiments,  the  tunnel  diameter  D is  5/s  inch  (1.59  cm). 

Consequently,  lor  a 10-loot  (3.05  m)-diameter  prototype  tunnel,  tliis 

I'cpresents  a scale  factor  of  about  200.  Thus,  h.  H,  u , u . u , u 

’ ’ r’  o rL  fiL 

u , and  u must  also  be  scaled  bv  this  same  factor  for  similarity, 
rbp  “bp 

The  rest  of  these  variables  in  our  model  are  identical  to  those  in  the 
prototype. 

The  rise  time  and  duration  of  the  loading  pulse  are  not  scaled 
in  these  experiments  as  tliey  were  in  fl'.  A longer  rise  time  and  dura- 
tion wore  used  in  the  current  experiments  to  minimize  undesirable  wave 
propap:ation  effects  in  the  loading:  (this  is  discussed  in  more  detail  in 
Section  2.3  K This  cliange  in  the  pulse  s)iape  is  not  expected  to  have 
any  significant  effect  on  the  I'esponse  of  the  structure  since  the 
response  is  essentially  quasi-static  in  nature,  as  will  be  discussed  in 
Section  2.3.  Other  variables  not  scaled  arc  grain  size,  pore  size,  and 
strain  rate.  Although  tlicsc  variables  are  not  believed  to  be  dominant, 
moi’c  research  is  needed  to  ascertain  their  importance. 

2.2  Stress  Field 

In  our  experiments  wc  seek  to  reproduce  ttic  stress  field  tliat 
exists  arouitd  a cavity  in  an  infinite  bod\-.  Since  our  specimen  must 
liave  finite  dimensions,  tlic  (|uestion  arises  as  to  how  close  the  boundaries 
can  l)c  to  the  cavity  without  significantly  altering  t lie  stress  field. 

In  !•  it  was  shown  that  clastic  perturbations  in  the  stress  field  caused 
by  the  hole  extend  only  to  about  •!  radii  into  the  medium.  Conseciuent  ly . 
our  specimens  were  originally  designed  so  that  the  boundaries  were  more 
than  1 radii  awav  I rom  the  cavity.  After  plastic  flow  takes  place,  the 
elastic  calculations  are  no  longer  valid.  To  determine  whether  the 
liouiKlaries  ol  the  specimen  were  sufficiently  far  removi'd  Irom  the  cavity 
to  simulate  the  inlinite  body  case,  under  plastic  flow  conditions,  a 


series  of  experiments  was  performed  on  samples  with  different  hole  sizes. 
It  was  again  found  that  the  4-radii  criterion  was  sufficient  for  damage 
levels  of  interest.  Details  of  these  experiments  are  given  in  Section  4.1 

2 . 3 Wave  Propagation  Effects 

For  our  dynamic  experiments  a possibility  of  undesirable  wave 
propagation  effects  exists.  Since  our  specimens  are  finite  and  our 
pulse  durations  long  compared  with  the  transit  time  of  a wave  across  our 
sample,  tlie  waves  I'csulting  from  the  applied  loads  will  reverberate 
tlirough  the  specimen  several  times  instead  of  passing  througli  the  struc- 
ture only  once  as  in  the  actual  case  in  tlie  field.  Therefore,  the  qvics- 
tion  of  overstress  at  the  cavity  wall  due  to  wave  effects  must  be  resolved 

A typical  experimental  pulse  is  shown  in  Figure  2-1  (ramp  rise  to  a 

broad  maximum  followed  by  a roughly  exponential  decay).  The  rise  time  is 

about  1 ms  and  the  total  duration  is  10  ms.  This  rise  time  and  duration 

are  longer  titan  those  required  on  a 1/200  scale  of  a surface  nuclear 
* 

burst.  The  justi lication  lor  the  use  of  a pulse  with  a rise  time  and 
duration  that  are  longer  than  the  scaled  pulse  is  based  on  calculations 
given  in  _1^.  There,  a presstire- impulse  plot  for  tunnel  closure  showed 
that  the  response  of  the  tunnel  in  the  range  of  interest  is  quasi-static 
in  nature)  i.e.,  the  amount  of  closure  is  sensitive  to  the  peak  pressure 
of  the  pulse  but  not  to  the  duration  of  the  pulse.  Consequently,  our 
model  experiments  should  be  a reasonable  representation  of  the  response 
of  deep  based  structures  even  though  the  loading  pulses  arc  not  closely 
scaled.  The  use  of  a long  rise  time  and  duration  also  eliminates  tlie 
two  undesirable  wave  propagation  effects  described  next. 


Extrapolation  of  underground  data  to  a 100  MT  burst  and  ranges  of  a 
few  thousand  feet  gives  rise  times  and  duration  of  the  order  of  30  msec 
and  300  msec,  respectively,  in  full  scale.  These  translate  to  0.15  and 
1.5  msec  in  1/200  scale. 
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As  ci iscussocl  in  _1_,  the'  cliliraction  ot  a piano  wave  by  a cylindri- 
cal cavity  results  in  an  ovorslross  at  the  cavity  wall.  lor  a stop  wave 
with  zero  rise  time,  the  increase  in  stress  ovei-  the  static  value  is 
about  15  percent.  lor  a wave  with  a loiiii  rise  time,  as  occurs  in  the 
actual  case  in  the  lield,  this  overstress  is  less  than  15  percent. 

Thus,  wave  dil'traction  ellects  are  not  signilicant  in  the  lield  nor  in 
our  models. 


The'  long  rise'  time-  also  alleviate's  the'  pi'oble'iii  ol  ove  rs  t ress  ing 
trom  reflection  of  the  waves  at  the  boundaries  ol  the  specimen.  This 
overstress  depends  on  the  impiciai-.ee  mismatch  between  the  rock  specimen 
material  and  the  testing  machine  material  that  holds  the'  specimen.  I-'or 
a rise  time  of  1 ms,  this  ove'rstress  is  ne'gligible'  in  our  rock. 

Finally,  the  long  rise  time  and  duration  reduce  the  problem  of  over- 
stre'ssing  due  to  wav'e  ref  le'ct  ions  in  t lie'  fluid  tliat  surrounds  the' 
specimen.  This  is  discussed  in  detail  in  Appendix  C.  The  important 
effe'cts  simulated  in  these  dynamic  tests  that  are’  not  simulatc-d  in  static 
tests  arc'  the  dynamic  material  properties  of  the  rock,  including  pore- 
water  pre'ssurc  . Pore'water  pressure’  ofte'ii  cannot  be'  prope'rly  simulate'd 
in  static  tests  with  tunnels  because  unrealistic  porewater  migration 
causes  the  tunnels  to  bulge  (see  Figure  4-4  and  discussion). 


2.1  Porewate'r  Pre'ssure' 

All  rocks  contain  voids  that  are'  usualle  lilled  with  walc-r  at  the' 
dc'jiths  of  inlc'rest  for  de'e'P  liasing.  Tlic'  material  may  be'  vie'wc'd  as 
being  composed  of  a solid  rock  skele’ton  traversed  bv  a network  ol 
capi  1 1 ir ie’S  lillc'd  with  wate'r.  Wlu'n  the’  roek  is  loade’d,  part  of  the 
load  is  carried  by  the'  rock  skc'lc'ton  and  part  bv  the'  wate'r.  The’  distri- 
Inition  ol  the’  load  be’twe’e’n  the  rock  ske’le’ton  and  the'  wate'r  dc'iie'nds  on 
the’  structure’  ol  the'  skele'ton  and  the'  rc'latixe'  compre'ss  ibi  1 it  ic's  of 


c 


I'ock  and  the  watei'.  The  poi'owatci’  |)ressui-e  is  that  part  ol 


the  load  carried  b\-  the  watei-. 


In  per  torminn'  an  anal\-sis  oi  the  response  ol  a material  witli 
porewater  pressure  present,  the  concept  oi  "ellective  stress"  is 
conunonly  usc'd.  Tlie  etl'ective  stress  is  the  total  stress  minus  tlie 
porewater  presstire.  Ttie  porewater  pi-essure  is  subtracted  from  tlie 
total  stress  because  it  is  assumed  to  have  no  influence  on  deformation 
or  failure.  .\  txpical  Mohi-  failtire  envelope  lOi-  water-saturated  rock 
is  shown  in  Fifiure  2.2.  The'  dashed  circles  represent  tria.xial  stales  of 
stress,  including:  porewater  pressure,  at  loadinie  conditions  under  which 
rock  spi-cimens  fail  (e.i;-.,  the  dashed  circle  on  tlie  rifilit  i;ives  stress 
states  lor  loading  l)v  a vertical  pressure  and  conlininii  itressure  ' • 
From  these  data,  tlie  total-stress  Mohr  envelopi-.  iiulicated  by  the  dashed 
line,  is  const  ructc'd.  If  tlu'  Mohr  circles  are  replotted  with  the 
poi-ewater  pressure  subtracted  (e.-.;..  the  solid  circles  represent  a 


vertical  pressure 


p and  a conlininp:  pressure 
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where  p is  the  pore  pressure),  we  obtain  the  e 1 fee  1 tve-st ress  Mohr 

failure  envi-lope  indicati-d  In  the  solid  line.  The  assumption  of  the 

e f fee t ive-st ress  concept  is  that  the  i' 1 lect  1 ve-s t ress  Mohr  envelope  is 

the  same  as  that  obtained  it  1 lu-  siiecimens  were  allowed  to  drain  water 

during;  the  tria.xial  tests.  The  el  lect  of  the  porewater  pressure  is  to 

shilt  the  ciri'les  to  the  ritiiil  and  cause  a lowc'i  ini;  ol  the  Mohr  lailure 

eiive  lope . 


Porewater  pressure  will  have  an  el  led  on  the  response  ol  our 

stiuclures.  II  we  consider  the  elastii-  responsi-  ol  a bods  with  a 

islindrical  cavits  subjected  to  a free  lield  pressuri'  P . an  internal 

o 

cavits  jiressure  P . and  a pore  pri-ssuri'  p.  we  find  I rom  straight  torward 
i 


FIGURE  2-2  EFFECT  OF  PORE  PRESSURE  ON  MOHR  FAILURE  ENVELOPE 
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clastic  analysis  (see  Timoshenko  and  Goodior  '7"l)  thal  the  i-adial  dis- 
l>lacement  vi  is 


u 


( 1 + u) 
!•: 


(I’ 


P ) ^ + - ■■iv) 

i 1-  T. 


(P 


p)  1- 


where  K is  Voiinti's  modulus,  ami  i'  is  Poisson's  I'at  io.  U'e  sec  that  as 
p increases,  u decreases.  Tims,  the  eli'ect  o 1 porewaler  pressure  is  lo 
make  the  material  appear  slil'l'cr.  since  the  delormation  tor  a f;iven  tree 
lield  iJressure  is  smaller  with  porewator  pressure  than  witlumt.  This 
eltect  can  onU  be  e.xamined  in  a chnamic  tesl  as  will  be  discussed  in 
Sect  ion  1.2. 

The  eltect  ol'  porewater  jiressure  on  asymmetrically  loaded  tunnels 
is  more  comi>l ica I eil . It  the  tree  tield  load  is  asynmietric.  then  (he 
load  applied  lo  1 lie  liner  b\-  t lie  rock  skeleton  will  Ix'  as  viiuiiet  r ic . 
However,  the  load  aiHilic'd  lo  I lit'  liner  b\  1 he  water  will  be  a.x  isyiimiet  r ic . 
Theretorc.  Die  response  ol  the  liner  will  depend  stront;l\  on  the  distri- 
bution ot  load  between  Die  rock  skeleton  and  the  water. 


2.5  Selection  ol  Rock  Simulanl 

In  teslintt  a laboralort  modt'l  ol  an  underground  structure,  caretul 
model  ill”  ol  the  surroundiiifr  rock  is  important.  The'  rock  can  bt'  vc'ry 
ditticult  to  iiiotU'l  bc'cause  laults  and  joints  should  be  scaled.  Moi'eover. 
water  conti'iil  is  important  and  overburden  pressure  may  be  sipniticant  at 
the  dejiths  ot  inlert'Sl.  Reliable  values  ot  these  parameters  are  ditti- 
cult to  obtain,  t'specially  tor  a lar”;e  \-olumc  ot  rock  at  preat  depth, 
liven  it  rex'k  can  be  adeciualelt  modelc'd.  the  wide'  rann'e  ot  (lossiblc' 
condilions  will  rc(|uire  s impl  i tica  1 ion. 

Rather  than  attempt  to  model  details  ot  rex'k  structure  .ind  texture, 
wt'  used  a urout  especially  di'siftned  to  simulate  the  ^ji'neral  character- 
istics ol  a rock  ot  interest.  Waterways  Ilxiieriment  Station  (WTIS) 
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prov'idccl  us  with  grout  specimens  (culled  6B  rock  simulant)  with  strength, 
modulus,  and  friction  angle  representative  of  medium  strength  (or  jointed 
high  strength)  rock.  Tunnel  experiments  were  performed  on  the  rock  in 
both  the  dry  and  fully  water-saturated  conditions.  The  6 designates  that 
the  rock  was  made  from  commercial  grade  sand  but  with  large  grains  re- 
moved by  a number  6 sieve.  The  B desifjnates  that  it  is  the  second  formu- 
lation studied  by  WES.  We  also  used  the  6A  simulant,  which  is  stronger. 

Material  property  tests  wore  performed  on  samples  of  the  I'ock 

by  both  WES  and  SRI.  S t ress -st ra in  cur\es  lor  the  saturated  rock  are 

sliown  in  Eigui-e  2.3.  Tlio  curve  on  t lie  leit  is  taken  fi-om  data  pi'ovided 

by  WES.  The  daslicd  lino  represents  a secant  or  a\crage  elastic  modulus. 

The  curve  on  tlie  rigtil  is  from  tests  done  at  SRI.  The  curve  is  offset 

from  ttie  WES  data  because  of  the  large  amount  of  lictitious  strain 

retiuired  to  seat  tlio  specimen.  Tlie  unconfined  strengtli  and  average 

modulus  from  tlie  curves  are  in  good  agreement.  Both  curves  indicate  an 

.unconfinod  strength  ol  1000— l.TOO  psi  (27.6-31.0  MPa  1 and  an  axorage 

6 , . 

elastic  modulus  slightlv  over  2 10  psi  1,13.8  GPa ) . 


Mohr  failure  envelopes  for  the  saturated  rock  at  various  test  ages 
arc  shown  in  figure  2-1.  The  I'ock  was  kept  moist  during  aging.  .\s 
the  test  age  increases,  the  moisture  content  and  degree  ol  saturation 
increase.  This  causes  the  amount  of  porewater  pressure  that  develops 
during  the  test  to  increase  since  the  specimens  arc  undrained  during 
the  test.  In  the  liottom  diagram,  the  specimen  is  lully  saturated  and 
the  Mohr  circies  arc  shitted  a cons  idem  tile  distance  to  the  right 
because  of  the  poi-ewatcr  pi-essttre.  It  aiipears  tliat  the  angle  ol 
internal  friction  lOi-  tlie  elfeclive  Mohr  lailure  envelope  would  be 
betwee-n  30  and  10  degrees  ( O.  ,")23  and  0.698  rad'  for  low  stress  li'vols. 
for  high  stress  levels  ' normal  stress  above  10  ksi  (69.9  MPa)  ’ the 
friction  angle  is  cons iderablv  less. 


FIGURE  2-4  MOHR  DIAGRAMS  FOR  6B  ROCK  AT  DIFFERENT  TEST  AGES  (R.  L. 
STOWE,  WES) 


1'iKm‘L'  2-5  shows  a stress-strain  curve  lor  cli-\  {~2(>/i  saturatii>n) 
rock.  Tile  elastic  motliilus  and  uncontined  compressive  strentiih  are 
slifiihtly  lower  than  the  \alues  ior  the  saturated  rock.  This  is  probably 
due  to  dilierences  in  curing;  between  the  saturated  rock  and  dry  rock. 
Figure  2-(i  shows  a Mohr  iailure  envelo|)e  ior  dr\  (ili  rock.  Since  no 
porewater  pressure  is  present,  the  iriction  ant^le  is  hi”h.  = 

3(1  decrees,  ior  normal  stresses  up  to  2 kbar. 

The  model  rock  properties  ior  the  iaboralori  tests  have  been 
seiected  to  be  representative  ol  either  medium  strength  rock  in  the 
intact  coiulition  or  hi^h  stren^i;lh  rock  in  the  Jointed  condition.  Tlie 
relationships  between  the  model  rock  propeities  and  in  situ  rock  proper- 
ties are  coinenient  1\  displased  in  a modu  lus/s  I renm  h plot  as  used  l>\ 

Deere  in  Chapter  1 oi  Kei.  l'iy;ure  2-7.  In  this  plot,  intact  rocks 

arc  characterized  In  two  basic  iiuanlities  obt. lined  iron  uncontined 
compression  tests;  Vounp's  modulus  V.  ami  uncontined  comiiressive  strenrfth 

Rocks  are  then  classiiied  into  iite  strenttth  latenories  as  shown  at 
u 

the  top  ol  the  uraph.  irom  A terv  hifth  stremtth.  ■ > 32  ksi  (220  Ml'a)  ' 

u 

to  F I verv  low  strenjith.  < 1 ksi  (27.(1  MPa)”^.  'ihe\  are  also  classiiied 

u 

into  thi'ee  modttltis  catetrories.  convenient  It  speciiied  by  a imnltilus  ratio 
■M  = e/  . Constant  values  of  modulus  ratio  lie  on  iliap:onals.  as  shown 

ti 

by  the  lines  Itl  = 200  and  300.  These  values  separate  the  three  modtiltis 
categories  o(  hinh  (M  > aOO)  . medium  (200  < M 300 'i  , and  low  (.M  200'. 

CateKories  into  which  common  rocks  tall  are  shown  on  the  [tlot . 

These  include  itranite.  tlow  (basalt,  andesite,  dacite.  rhyolite'  and 
sedimentary  (limestone  and  dolomite;  sandstone)  rocks.  The  itranites 
all  tall  into  the  sinjile  category  ot  hard  rock  with  medium  modulus  ratio. 
Eimestone  and  dolomite  ran^e  trom  medium  to  hifth  strength  with  nic-dium 
to  high  modulus  ratio.  The  tlow  rocks  laingt'  widely  in  strength.  Irom 
low  to  very  high,  but  ali  have  medium  modulus  ratio.  Sandstone  ranges 


15 


AXIAL  STRESS 


0 0.1  0.2  0.3  0.4  0.5 


AXIAL  STRAIN  t'f-'i'cont 

MA  3743  33 


FIGURE  2 5 STRESS  STRAIN  CURVES  FOR  DRY  6B  ROCK  SIMUL  ANT 


most  wicit’U'  t)l'  all,  ti-om  virtually  no  strouMith  it)  hinh  strength,  with 
incclium  or  low  mocliilus  ratio. 

The  intact  till  model  rock  iJi'opert  ics  arc  indicated  in  I’ifjure  2-7 

by  the  point  at  K = 2 x 10^  psi  (13.8  GPa)  and  • = 1300  psi  (20.6  MPA'!. 

u 

Tills  point  lies  near  the  low  strength  extreme  oi  the  intact  Ilow  rock 

properties.  Interiireted  as  a model  of  in-situ  loinled  I'ock,  liowever,  it 

models  rocks  near  the  hip;li  strength  extremes.  This  tollows  from  Held 

observations  that  the  ellecti\e  modulus  ol  jointed  rock  is  about  1/5 

that  ol  intact  rock.  Thus  the  jointed  I’ock  that  the  615  rock  models  lies 

some  place  alon^  the  liorizontal  dotted  line  drawn  at  a lactor  ol  5 

increase  in  modulus  abo\e  the  615  rock  iioint.  Ue  know  that  the  stroiiKth 

ol  the  jointed  rock  will  also  be  less  than  that  ol  the  intact  rock,  but 

no  <|uant  itat  ive  data  are  available.  11  we  assume  that  the  strenjith  ratio 

ol  jointed  and  intact  rock  is  also  about  l/3,  then  the  jointed  rock  that 

the  intact  615  rock  models  is  represented  by  the  point  iilotted  at  the 

intei'sect  ion  ol  the  dotted  line  and  a 15  dcftree  (o.785  racO  line  through 

the  intact  properties  point.  This  intersection  point  [ = 21.500  psi 

u 

( 118  ? I’a  \ E = 10  X 10  i5si  (68.9  GPa)  ' lalls  in  the  hifth  strcntith  rcfjion 
where  properties  ol  all  the  rock  t \pes  o\ei'lap.  Hence  it  is  represent  a t ivt 
e)  1 properties  likelv  to  be  lound  at  a wide  rantfe  ol  i)otential  silos. 

The  relationship  between  the  moduli  ol  intact  rock  and  in  situ 
pointed  rock  was  determined  trom  in  situ  jilate  jack  (about  1-m  dia.' 

.ind  pressure  chamber  (about  1 . 7 -m  dia.'  delormation  tests  ' • These 
tests  Ki'e  an  elleclive  modulus  lt>r  rock  masses  measuriiif;  se\eral  tens 
ol  teet  in  sizi'.  This  modulus  is  related  to  the  intact  rock  modulus  b\ 
taking  NX  t’oi'i'  samples  Irom  drill  hoU's  to  a (h'])th  ol  20  It  (6.1  in'’ 
and  iK’rlormin^  unconlitied  compression  tests  on  intact  specimens.  The 
corint^s  were  also  used  to  measure  joint  spacing;,  expressed  in  terms  ol 
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inaiu’ 


"i-OL'k  qualil\  (k'K  i ^iia  t ion"  (rQ])).  Data  takiai  I roiu  many  tests  at 

sites  llifouehnut  llu'  world  are  summarized  in  1' la-  2 S in  a plot  ol 

1-:  /v.  versus  lt(}D.  Tlie  important  ol)servat  ion  is  that  the  median 
r lal) 

K /K  I rom  all  the  data  is  altout  1 a.  I'wo  -thirds  ol  the  data  points 
r'  lab 

tall  iit  the  ranne  1 10  K K ' 1 3.  Roek  (pialitv  is  in  the  ranp;e 

r lab 

0.1  R(j|)  O.'i  lor  vii'tually  all  ol  the  data.  The  Onodera  Dam  and 

the  heavilv  jointial  ((uartsile  li'om  the  Karil>a  D;tm  are  the  onlv  exeeptlons. 

Corri'spond  inp:  avi'rape  joint  spaeinys  ranye  I rom  alxnit  3.3  inches  (h.9  cm 
to  20  inches  (50. S cm) . 

2 . 6 Kllect  ol  the  Re  la  1 ionsli  1 p lietween  Rock  ami  Liner  Properties 

Our  liners  in  rock  simulant  are  models  ol  tuntiels  in  a rock  mass. 

When  llte  i-ock  is  loaded,  either  t lie  liuei  or  tile  rock  will  1 low  plasti- 
callv  lirst,  deiieiulinf;  on  the  relationship  between  rock  and  liner  pro- 
perties. Since  the  I inal  ri  spouse  ol  thi  slructun  depends  on  the  history 
ol  the  loadlne,  it  is  important  that  the  secptence  ol  lailureS  in  our 

models  be  as  close  as  possible  to  that  in  the  pi'ototyiU'.  Results  ol  a'  j 

analvsis  (bas((l  oti  I'esults  in  _11_)  to  ixamim  the  incipient  yield  se-  | 

i 

CjiH'iice  ai'i'  suminariz.ed  in  I'ieure  2-9  as  a plot  ol  rock-modu  lus- 1 o- 1 itie  r-  1 

nofluUts  ratio  K K versus  rock-s  t renu:  t h- 1 o- 1 i ne  r-s  t reiift  t h ratio  C C ^ 

U 1,  tiR  yh 

(oi-  lini  rs  with  various  rad  i us- 1 o- 1 h i ckness  ratios.  Kach  curvi  r<  prv'-  j 

seats  (mints  at  which  (ilasiic  I low  occurs  in  the  rock  and  in  the  1 im  r j 

s i mu  1 t am  oils  1 V (an  internal  Iriclion  anpli  ol  30  de;;rees  wuis  assumed 
lor  the  rock).  lor  (loints  below  the  curva  , the  1 i m r always  vk  1<1s 
I i rs  1 ) lor  (loints  abovi  llu'  curve,  t lu'  rock  v it  Ids  lirst. 


RtJD  ■ li-nrili  ol  cola  (ueias  1 MU  In  s It*. 2 ■>  or  lonpir  tol.il  Itm.  h 

ol  . oia  run.  \vi  rea.i  loint  .sii.u  inr  S lairia  l.il<s  with  Ki)D  a (i(>r,  .\ 1 1;  .i  i t (■ 

,is  .S  2 i 111  he.'-  I Rl)D  . 
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□ Dworshak  Dam.  pressure  chamber  test  (F  ).  buried  gauges'^ 

fi  Dworshak  Dam,  pressure  chamber  test  ( F ).  ''Url'ace  gauges'^ 

R Duorshak  Dam,  pressure  chamber  test  (I  t,  buried  gauges*'^ 

li  Dworshak  Dam,  pressure  chamber  test  (F  ).  surface  gauges*^ 

• Dworsliak  Dant,  jacking  tests,  surface  gauges'^ 

O 13worsiiak  F)am,  jacking  tests,  buried  ga.igcs'^ 

■ Lati> an  I'Fam.  Iran  ‘ ' 

A Kariba  IXim.  slightly  woattiered  gneiss'^ 

T Kariba  Dam,  hea\ ily  jointed  iiuart/ite'* 

X Ne\ada  test  site,  dacite  porpli>ry''^ 

-r>-  Morrow  Ihiint  DanR‘’^^ 

□ Ananaigawa  Dam^’ 

O Agri  Ri\er,  Italy*'* 

O Koshibu  Dam,  Jacking  tests 
V Koshibu  Dam,  pressure  chamber  tests 
< f I Nosille,  Mexico*’'" 

'/  Onodera*'* 

" Vajont  Dam,  Italy,  upper  slope,  pressure  chamber  tcst*’-'^® 
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f-IGURf.  2 8 VARIAIION  OF  HfDUCTION  FACiOR  A'lTH  HOCK  OUAUITY 


ROCK  MODULUS  TO-LINER  MODULUS  RATIO, 
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FIGURE  2-9  THE  EFFECT  OF  THE  RELATIONSHIP  BETWEEN  ROCK  PROPERTIES  AND 
LINER  PROPERTIES  ON  THE  SEOUENCE  OF  FAILURE  FOR 
ISOTROPIC  LOADING 


Also  shown  on  the  t^i’aph  is  a region  occupied  by  real  rocks  with 

mild  sled  liners.  The  region  is  bounded  by  two  vaiues  of  the  ratios  of 

rock-modu  lus-t  o-rock-st  rciiKt  h E !~  . This  ratio  foi'  most  rocks  falls 

It  ult 

belwecui  E l~  = 200  and  E /'  = 500  (see  Eifrui'c  2-7).  Points  closest 

1!  uR  R'  uR  ' 

to  the  oritfin  are  representative  ol  weak  or  liip;hly  jointed  iu)ck.  and 

points  far  li'om  the  origin  are  I’eprcsentat  ive  of  strong  rock  rclalivelv 

free  from  joints.  Eor  our  (5B  rock  simulant,  with  mild  steel  liners,  we 

have  E /e  ~ O.OfiO  and  - ^0.1.  On  t lit  itraph  this  is  repi-escnted 

R E tdx  vE 

b\  point  A,  which  lalls  on  the  uppt  r Itoundarv  lor  real  rock  that  is 
either  weak  or  hiahlv  jointed.  Tue  important  oliserval  ion  is  that  both 
lor  our  rock  simulant  and  lor  real  rock,  the  liner  alwats  \ields  first 
under  axisymme l r ic  loadin^t. 

Results  ol  similar  calculations  lor  uniaxia 1 -st ra in  loading  are 
shown  in  l ip:urc  2-11).  These  curves  are  more  coniplicated  than  lor  tlie 
axisvmmetric  loading,  case.  On  the  >^lrainhl.  uppi  f-riiiht  |)ort  ion  ol 
the  curves.  vi(  Idiny;  lakes  place  in  both  the  liner  and  the  rock  at 
the  si)r  iiiffi  i ties  ( = - 90*’  from  tile  uniaxial  str.iin  direction  . 

On  the  curving;.  lowe"-uit  portion  ol  tin  curves,  the  lirni"  fields  at 
the  sprinpline.  but  the  rock  yiilds  at  ,i  point  lietwven  the  sprinirline 
•ind  the  crown  or  I lu'  invert.  Eor  our  l>B  roik  ,‘^imulant  and  most  real 
rocks,  the  lini'f  \ lelds  first  lor  a h = 25  and  50.  but  li->r  our  BB  rock 
siimilanl  and  w<  alt  rock,  the  rock  fields  1 irst  lor  a h = 12.5.  We  must 
bi'  aware  of  this  in  i n I erpre  t intc  our  un  iax  la  1 -s  t ra  i n experiments. 

2.7  Desc  !■  i pt  i on  ol  fest  Specimen 

Test  specimens  were  des tuned  accordinu  to  the  retju  irement s des- 
( fibed  in  the  iirecedinu  sections.  ;\  photouraph  of  one  ol  the  unlined 
tunnel  models  is  shown  in  Eiuure  2-11.  Tin.'  sitecimen  is  ctlindrical  with 
.1  di.i.mi'ler  A I inches  '10.2  I’ln  and  a heiuhl  ol  5 to  B inches  (7.B  to 
15.2  cm  . These  specimens  were  cored  1 roiii  the  tinier  portion  ol  a 
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lai'go  block  ol  t^rout.  A 5/8-inch  (l.59  cm) -d  iamotcj'  cavity  runs  through 
the  specimen  at  inidhcight  perpcMulicular  to  the  specimen's  c\  lindi’ical 
axis.  The  cavity  simulates  the  unlineei  tunnel.  In  the  experiments, 
the  outei'  boundai'ies  ol  tlie  specinien  were  loaded  to  rcpi'oduce  in  oui* 
model  the  stresses  that  would  c-xist  around  a buried  structure  undergoing 
tlic  ei'Iects  of  a nuclear  ground  shock  in  the  field.  Generally,  for  a 
given  vertical  lt)ad,  tlie  lateral  load  is  clioscn  to  I’ostrain  anv  lateral 
movement  of  the  boundaries.  Tliis  is  the  restraint  tliat  would  be  provided 
l)y  the  surroutuling  rock  in  the  field  under  unia.\ial-st  rain  flow.  In 
addition,  sexeral  expei'iments  were  rtin  under  isotropic  Loaditig  conditions 
to  stu(i\'  the  effect  (jf  asyimnetrx  in  t tie  load. 


3. 


TESTING  HWCHINES 


In  this  cliapler.  \vc  describe  tlie  static  and  dynamic  testing;  machines 
used  to  load  mir  rock  specimens.  Tltesc  macliines  were  designed  and  built 
on  a previous  1)NA  ct)ntract  1'.  During  the  course  ol  the  euri’ent  woi’k, 
several  substantial  modi  licat ions  were  made  to  the  machines  to  improve 
their  periormance  and  extend  their  capabilities.  A detailed  description 
oi'  tliesc'  mod i tica t ions  is  given  in  .Appendix  C.  The  curj’ent  status  of 
the  machines  is  described  below, 

3.1  Dvitamic  Testing  Machine 

The  basic  operating  teclini<|ue  of  the  dynamic  testing  macliinc  is 
the  controlled  release  of  explosive  gases  from  a vented  cliambci'  chai’gcd 
with  low-densitv  explosive.  Tliis  techni((uc  was  originally  developed  at 
Sltl  in  1971  to  simulate  the  sudden  release  of  energy  in  a nuclear  reactor 
in  a sudtlen-loss-of-coolant  accident.  In  1972,  tlie  teclinique  was 
successfulls  applied  to  simulate  t lie  intense  underground  pressures  that 
stem  horizontal  1 ine-o  f-s  igh  t (llI/)S)  pii>cs  in  nuclear  tests.  The 
original  III/IS  machine  was  capable  of  applying  only  axisynunet  r ic  pressure 
around  a cylindrical  specimen. 

In  1971,  a new  loading  machine  was  designed  and  Iniilt  during  the 
initial  buried  structure  program  ■ l'.  This  macliine  has  the  capaliility 
of  aiijilving  uniaxial  strain  and  triaxial  loadings  such  as  occur  on 
horizontal  deep  Iniried  tunnels  under  nuclear  attack.  During  the  current 
pi’ogram.  mod  i iica  t ions  wore  made  to  imiirove  its  performance  and  give  it 
the  capahilitv  of  applving  isotropic  loadings  (symmetric  around  the 
t unite  1 ' . 
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3.1.1. 


I'l'iaxial  LoadiUfi  Cou  l'ifj;urat  ioa 


A pilot  Ojj;raph  anil  an  asscmblt'  drawing'  ol  I ho  dxnamio  toslor  in 
tho  triaxial  loadinf;'  ion  iif;ui'a  I ion  arc  shown  in  rifinrc  3-1.  The  machine 
consists  oi  a stack  ol  thick  rinf;s  with  tluiil  passageways  machined  into 
them.  The  ring's  are  held  top;elher  with  end  plates  and  13  holts  around 
the  c i rcum  ierence.  Thi'  rock  specimen  is  I inches  (10.2  cm'  in  diameter 
and  can  be  from  3 to  (i  inches  (7.0  to  15.2  cm  lonit.  It  rests  in  the 
ci'iitc^r  of  the  machine,  as  shown.  The  tunnel  is  bored  completelv  through 
the  c\  1 inilr  iia  1 rock  spi'clmi'ii  alon^  a diameter  at  midhein'ht  . Viewiiifi 
ports  are  proviik'd  in  the  machiiU'  at  c'aih  end  ol  the  tunnel  to  allow 
hinii-spi'cil  photon'raplu  and  access  lor  i ns  1 rumen t a 1 ion  wires  (one  port 
is  shown  on  t hi-  loll  ol  the  di’.iw  i nj; ' . 

Inihpendint  eonirol  ol  verlii’.il  and  l.ileral  iiressui’es  is 
provided  bci  .luse  lo.u'inn  is  .ippl  ied  b\  two  si'parale  explosiie  I'hambers. 
Till'  uppi'r  ex])lo.si\i'  ch.imber  applies  the  \erlic.il  pi’issuri'  and  is  simpl\’ 
a c\  1 i ml  r ie.i  I c.i\  i t \ into  whiih  an  esplosiie  ihai’ite  (a  mixture  ol  PK'fN 
.mil  m i c rob.i  1 loons  .mil  deton.itor  are  placed.  i'he  h i nh-pressu  re  explosin’ 
produi'ls  are  wnled  inti>  1 hi'  exp.ins  ion  ch.imlu'r  throun;h  the  series  ol 
hull's  shown  drilh'd  throunh  the  thud,  oriliie  pl.ite  betweeti  the  exiilosivc 
chambm-  .md  the  exp.insion  i h.ttitber.  The  exp.msiou  iduimber  has  a battle 
pl.ite  to  hell)  mix  the  }j,.is  and  prevent  sudden  local  i/ed  loncent  ra  t i ons  ot 
pressuri'  due  to  the  jettiUiJ:  ot  the  c,.is  I hrouy,h  the  oritiee  iil.ite.  fhe 
lo.id  is  applii'd  ilirectl\  to  t lie  spei- iiiien  liv  the  ptis.  flu  area  ol  the 
lioli-s  in  the  orilii'c  plate  ilot  ermine.s  t hi'  rise  time  ol  the  lo.iditii;  pulse, 
line  ail,i  list  nil'll'  ol  l he  visi-  t iiiii'  is  lu'oi  ided  bv  eh.iiininu  the  eNjians  ion 
chambir  volume  In  iiisi'i'liiu;  .in  itiiit  solid  iHi.xsi'.il  . Heli'.isi'  leiiliiu; 

and  Iherelore  pulse  ih'c.u  lime  t rom  t hi'  I'xplosiie  ch.imber  is  .leeom- 
plished  t hrounli  holes  in  the  lent  riiin  between  the  ixplosiie  ihaiiilx  r 
rinu  .itid  the  end  plate. 
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A similar  arraiiKemont  at  the  bottom  of  the  testing  macliinc  is 
used  to  load  the  sides  of  the  specimen.  However,  in  this  case  tlie  load 
is  transmitted  by  a fluid-filled  lateral  pressure  chamber.  A IJcllofram 
is  located  Just  above  the  baffle  plate  to  act  as  an  interface  between 
the  gas  and  the  fluid.  Tlie  lower  expansion  chamber  applies  the  lateral 
pressure  ttirough  ports  (on  tlie  fluid  side  of  the  Bellofram)  seen  con- 
necting the  lower  expansion  chamber  to  the  lateral  pressure  chamber. 

The  top  and  bottom  vertical  pressures  are  sealed  from  the  latei'al  pressure 
chamber  by  thin  copper  cups  and  0-rings  abo\e  and  below  the  specimen. 

The  cups  ai’c  inverted  so  tliat  the  high  pressure  acts  inside  the  cuiis  and 
presses  them  against  the  0-rings  to  seal  the  cliamber.  0-rings  seal  the 
pressure  chambc'rs  from  the  external  ambient  pressure',  as  shown.  A 
Wilson  seal  separates  the  lateral  prc'ssure  chamlier  and  the  rock  and 
cavit\-  (see  Aiipendix  C). 

Piezoc' lec t r ic  gages  installed  in  any  of  scvcmi  taiiped  ports  in 
the  machine  monitor  pressures  in  the  various  chambers  and  jiassagcway s . 

■A  pressure  pulse  from  the  vertical  loading  chamber  above  the  specimen 
is  shown  in  Figure  .T-2(a).  Figure  3-2(b'  shows  a pressuri'  inilse  from 
the  lateral  loading  chamber,  around  the  specinun  c i rcum  lerince . Ilise 
time  in  each  is  about  1 ms,  and  total  jiulse  duration  is  about  10  ms. 

The  machine  is  capable  ol  applv  ing  pressure  as  high  as  l.n  kbar  ( l.'iO  MPa). 
It  is  also  callable  ol  .iiiplving  a static  preload  to  simulate  a lithostatic 
stress  in  the  specimen.  A more  detailed  descrip.t  ion  ol  this  testitig 
machine,  its  operation,  and  the  mod i 1 ica t i ons  made  to  it  during  t hc' 
project  ari'  given  in  Appendix  C . 

3.1.2.  Isotrepic  I.o.iding  Con  I igur.t  t ion 


Figure  3-3  shows  .i  phot  ogr.iph  and  .isseinblv  drauing  ol  tlie 
dvnamic  lister  in  the  isotropic  lo.uling  I'ou  I igurat  ion.  Opi  rat  ion  ol 
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(a)  VERTICAL  PRESSURE  PULSE — STA  4 (AT 
BOTTOM  OF  ROCK) 


(b)  HORIZONTAL  PRESSURE  PULSE — STA  3 (NEAR 
MIDHEIGHT  OF  ROCK) 
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the  machine  in  tliis  configuration  is  ossonlially  flic  same  as  in  1 lie 
triaxial  conf igiirat ion.  The  main  diffcronco  is  that  it  has  only  one 
explosive  chamber  and  one  expansion  chamber.  The  specimen  is  completely 
surrounded  by  fluid  which  transmits  the  load  from  the  sas  pressure  in 
the  c.xpansion  chambei’  to  the  specimen.  Auain,  a Bcllofram  acts  as  an 
interface  between  the  stas  and  the  flviid. 

Pressures  arc  monitoi'ccl  at  various  points  in  the  fluid  by 
piezoelectric  gages  as  shown.  Typical  pressures  at  Stations  1 and  3 are 
shown  in  Tigure  3-d.  We  see  that  the  pressui'c-t ime  histories  at  both 
locations  arc  almost  identical,  indicating  that  undesirable  wave  pi-ojia- 
gation  effects  arc  minimal. 

3.2.  Static  Testing  Machine 

The  static  testing  machine  provides  static  triaxial  loading  ol  our 
specimens  while  maintaining  the  tunnels  at  atmospheric  jii-essure  and 
providing  pliotographic  and  itist  rumentat  ion  access.  The  loads  are  applied 
hydraulically  b\  high-pressure  liand  pumiis.  Tigure  3-f)  is  a plio t ograpli 
and  assembls  drawing  of  tlie  machine.  bike  the  thiiamic  tester,  this 
machine  consists  of  a stack  of  thick  rings  held  together  witli  end  jilates 
and  bolts  around  the  circumference  (ten  in  the  static  unit).  Tlie  rock 
specimen,  1 indies  (10.2  cm)  in  diameter  ami  from  3 to  6 inches  (9.0  to 
1.5.2  cm)  long,  I'osts  in  the  center  ol  the  machine,  as  shown.  Viewing 
jjorts  are  [irovided  in  the  machine  (one  port  is  shown  at  the  top  ol  the 
drawing)  at  the  end  of  the  tunnel  to  allow  jihot  ograph  ic  coverage  ol  tlie 
deformation  pi'ocess  and  access  for  a hole  gage  to  measure  tunnel  diameter 
changes . 

To  [irovide  independent  control  ol  vi'rtical  and  lateral  pressures 
for  triaxial  loading  tests,  the  loading  is  applied  by  two  hand  puni|)s. 
uppi'r  and  lower  chambers  are  pre.ssurized  b\  one  pumii,  and  the  side 
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(a)  STATION  1 (MIDHEIGHT  OF  ROCK) 


(b)  STATION  3 (BOTTOM  OF  ROCK) 
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I luuiiber  is  in'cssurizcd  bv  aiiollicr.  Sealing'  between  the  side  cliamber  and 
I be  uppei'  and  lowo'  chambci's  is  accompl  islied  by  tlie  eup  and  0-rill^  system 
used  in  the  dynamic  tester.  O-rins  grooves  ai'c  machined  into  the  chamber 
walls  at  various  liei^dits  to  accommodate  diljerent  len^tli  samples. 

toi  isotropic  loading;,  t c\ips  anci  0-i’ina's  arc  not  used,  so  that 
oil  is  1 1 ee  to  ilow  irom  chamber  to  cluimbei'.  Only  one  punijj  i.s  reciuired. 
riie  machine  is  capable  ol  applying;  pressure  as  liial'  as  2 kbai'.  Fuidhcr 
details  ai’e  siven  in  Appendix  C. 
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VALIDATION  01’  KXl’LR BD-N  TAL  DROC'KDl  UKS 


In  lliLS  chapter,  we  present  the  results  o T tests  to  resolve 
questions  eoncerniii};'  the  \aliotty  ol  onr  exper  inu'itt  a 1 proeedtires. 

Stib.jects  aeldressecl  :tre:  tlie  eltect  ot  t lie  specimen  boundaries  on  the 

response  oT  the  Innnel.  the  reprodiie  i Iti  1 i I \ oT  experimental  results, 
the  elTc'ct  oT  water  saturation  in  static  and  dynamic  tests,  and  t lie 
eltect  ol  the  absence  oT  a liner  on  ca\it\  resijonse  under  isotropic 
loadine. 

1,1  Reproducibility  and  lionndarv  Kllects 

I'o  demonstrate  the  \alidilv  ol  onr  experiments,  we  luid  to  resol\e 
<ineslions  oT  reprothic  i b i 1 i t \ and  Ixnindart  eltecls.  To  demonstrate 
reprodnc  ibi  1 i t V . we  repealed  each  ol  two  experimc'nts  and  compared  the 
responses.  We  i lives  t i ifa  t I'd  t lu'  bonndart  eltect  (i.e..  the  elTi'cl  ol  the 
r.itio  ol  tininil  dianu'ter  to  sincimen  diameli’r  b\  perlormin;;'  I'Xjte  r imeiit  s 
on  tunnels  with  \arions  diameters  wh  i U‘  kei'itinit;  the  sample  st/e  <.’ons1anl 
and  tin'll  compariit};  the'  results. 

I'or  this  series  oi  tests,  we  used  II.AR.M  ttrout  as  our  rock  simulant. 

This  material  was  used  instead  ol  our  (il!  roi'k  simulant  lu'c-iuse  ol  its 

small  '.train  st/.e.  Small  yratn  size  was  required  lor  testing,  tuniu-ls 

with  di.imi'ters  as  sm.ill  as  l(i  inch  (o.7<)  I'nO  . where'  larttv  nr:>ii't^  minht 

hatf  .in  I'MecI  on  the  ri'sponse.  II.\RM  nrout  has  an  unconliiu'd  compressive 

slreiieth  ol  about  = 1000  ps  i (fi.S!)  Ml’a  and  low  intei-n.il  Iriclion. 
u 

Lach  lest  was  perlormed  on  .i  samitli'  with  a lumu'l  having  ,i  s t I'l' 1 liner 
\ield  slri'itr.th  ■ = 10.000  ps  i I 11 70  MPa'  with  a rad  ins- 1 o- 1 h ickni'ss 


II.ARM  is  .111  .icronvm  lor  Ihiskv  .\ce  rock -ma  t ch  i nif  qrout.  This  is  I he 
material  used  to  till  I he  D.U'  crosscuts  in  the  Diitinn  far  eviill. 
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ruti<.)  ol  12.5.  Tt'Sls  wore  pt'r  I'onneil  on  tunnels  with  cliameter.s  ol  5 H . 

7 lli . aiul  o/U)  inch  ( 1 . 59 . 1.11  and  0.79  cm)  in  our  standard  1-incli 
(l0.2  cm ' -d  iame  1 t'r  b\  d-incli  (7.0  cnO-loiif;  cvlindi'ical  specimc*ns.  /Ml 
the  e.xper  iment  .s  were  static,  unia.x  ia  1 -s  t I'a  in  tests.  Vertical  closure  as 
a lunction  ol  pressure  was  moniloi'ed  with  a small  hole  gaKC  during  eacli 
test  . 

I'inure  1-1  shows  sectioned  \ lews  ol  spi'cimens  with  the  three 
dillerent  diameters.  The  terminal  response  levels  ol  the  5/S-inch  ( 1 . 59  cm) 
tunnel  and  the  7 10-lnch  (1.11  cm)  tunnel  are  almost  identical.  The 
5 10-inch  [0.79  cm'  tunnel  has  less  closure  because  it  was  subjected  to 
a smaller  linal  load.  Kach  ol  the  5/8-inch  ( 1 . 59  cm'  and  7/lO-inch  (l.ll  cm) 
tunnel  'xperimenls  was  repealed.  Plots  ol  \ertical  tunnel  clostire  versus 
vertical  pressure  lor  all  live  tests  are  shown  in  I'i^ure  1-2.  We  see  that 
the  amount  ol  load  re(|Uired  to  caitse  a jiiven  amount  ol  closure  \aries  b\ 
less  than  15  percent  either  bi'tween  tests  lor  tunnels  with  dillerent 
tiiameters  or  between  repeat  tests  at  the  same  diameter.  This  indicates 
lh;it  our  S/s-inch  (1.59  cm'  tunnels  are  not  s ifini  I icant  1\  allected  b\ 
the  closeness  ol  the  boundaries  lor  tunnel  closui-es  up  to  15  pe  rcent  anel 
that  our  e.xiJcr  imeii  t s are  rel)rodue' i ble'  t e>  evithin  =:  8 peiae'nt. 

1.2  Draineel  Versus  I ndrained  Te'st  inv 

'Ihe  ma,)eii'ity  eel  enir  e'xpe-r  iment  s were  perlorme'd  on  the'  (IB  reee'k  in 
the'  lullv  sateirateel  conditieen.  We'  had  t e)  rt'Seelxe  whether  it  w;is  meu'e> 
appreipriate  tee  perleerm  these  ti'sts  in  the  draineel  (wilheeut  poi-c'wa  t e'l- 
l)i'e'sseire'  or  undraineil  (with  pore-water  pressure-^  e-ondition.  Static 
iseit  reijiic  loaelintx  le'sts  we-re-  perlorme'd  em  seimples  with  (i-mil  (o.l52  mm  - 
liners  (ii  h = 50  leir  beit  h I he-se  conelitions. 


In  this  lii;ure'  and  in  all  post  test  photographs  ol  models  Irom  uniaxial- 
slreiln  tests  presented  throughout  the  repeirt , the  models  are  oriented 
with  the'  lari{e'r  loadint/  vertical  elirectieen. 
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FIGURE  4-1  THE  RESPONSE  OF  TUNNELS  WITH  VARIOUS  OIAMETERS 
TO  STATIC  UNIAXIAL  STRAIN  LOADING 


lifilirc'  4-3  shows  tlu.'  rc'sults  of  tlio  cirniiud  spocimoii  test.  Tlif 

poiik  load  was  P = 22,000  psi  (152  Ml'a)  , and  the  final  closiiro  was 
o 

AD/l)  = 15  percent.  During;  tlu'  test,  buckling  was  observed  to  initiate 
at  about  7,000  psi  (48.3  MPa).  At  this  load,  tlie  surface  of  the  linei' 
appi'areti  mottled  witli  hit;li-oi-dei’  liarmonii'  wrinklint;.  file  buckles  p;ri'w 
as  the  load  and  deformation  increased  until  t he\-  reached  the  severe 
state  ol  buck  lint;  sliown  in  tin.'  photottraph. 

In  the  experiment  just  dc'seribed.  wati'r  was  allowed  to  drain  from 
the  rock  so  that  no  porewater  pressuri'  deve  loptd . Gi’iierally.  in  t he 
field,  water  does  not  drain,  and  porewater  pressure  could  plav  a sittni- 
ficant  part  in  t lu'  stia'ss  field  around  a tunnel.  A theoretical  analysis 
of  the  c'ffect  of  pore'  prc'ssure  was  t;iven  in  Section  2.  1.  fo  detc'rmine 
its  etfc'ct  expc'r  imc'iit  a 1 1 v , we  rc'peated  the  previous  e-xperimetit  but  with 
water  not  allowed  to  drain.  The  loading  was  static  and  isotropic  as 
before.  Kc'sulls  ol  the  lest  are  .slionn  in  l’if;tire  1-1.  Iluckles  lirst 
became  visibli-  in  the  liner  when  the  load  re-ae-hed  about  .5000  psi  ;31.5  MP 
within  the  raimc'  obse'rx'ed  in  the'  drained  test  (this  iuciiiient  bucklin};  is 
difficult  to  oliservc'  aecu  ra  t e' 1 \ ) . When  the  load  was  incrcase'd  to  SOOO 
psi  f 155.2  MPa',  the'  buckle's  became  more'  \ isible'  but  were  still  \e'i'\' 
small.  The  load  was  held  .it  SOOO  psi  (55.2  MPa),  but  one  ol  the  buckle's 
continued  to  :arow.  fo  maintain  the  SOOO  psi  (55.2  MPa'  load  in  the 
presc'iice'  ol  this  y,i'<>wth.  pumpiiu;  of  t lu'  hvdraulic  fluid  tl.at  loaded  the' 
rock  had  to  lie  continued.  The  reason  lor  the  continued  buckle  growth  is 
that  the'  prc'Ssure'  that  acts  on  the  liiuf  re'sults  I rom  the'  combination 
of  the'  deformation  ol  the  rock  caxitv  (i.e.,  the'  pre'ssure'  e'Xi'rted  b\  the' 
rock)  i>lus  the'  port'wate'r  pressure'.  As  the  liner  buckle's,  it  se'iiarate's 
1 rom  the  rock  but  the  porewater  lollows  the  buekle'  .mil.  hence',  the' 
porewate'r  pri'ssure  component  of  the'  load  conlinue's  tee  .let  on  the'  liner, 
causing;  I lu'  buckles  to  nrow.  As  the'  load  was  incre'ased.  this  buckle' 
continucfi  to  urow  (over  a time  period  i»l  about  1 minute)  until  it  reached 
its  fintil  state'  shown  in  the  photot;raiih  at  P 

o 
7 1 


= 12,000  psi  (82.7  MPa) . 


RESPONSE  OF  A STEEL-LINED  TUNNEL  TO  A 
STATIC,  ISOTROPIC  LOAD  WITHOUT  PORE 
PRESSURE  — a/h  50,  P 22,000  psi. 


FIGURE  4-3 


MP  3743  21 


FIGURE  4-4 


RESPONSE  OF  A STEEL-LINED  TUNNEL  TO  A 
STATIC,  ISOTROPIC  LOAD  WITH  PORE 
PRESSURE  -a/h  = 50,  12,000  psi 


Sincf  tilt'  fA'i'owth  of  the  Iniekle  iiiuler  ecmslant  load  Is  a slow 
process  K'>\'erned  b\-  tile  rock  permeabi  1 i I \ . il  probablv  woiild  not  occur 
under  the  dynamic  Loading'  conditions  that  exist  in  tlie  field.  This 
indicates  that  tests  on  undrained  specimens  (i.e.,  with  porewater 
pressure  present)  should  be  dsnamic  rather  than  static.  Conse(|uent  1>' . 
only  drained  specimens  were  tested  in  our  static  loader.  Vndraincd 
specimens  were  tested  in  our  d\ namic  loader. 

1.3.  I'nlined  Versus  Lined  Tunnel  Tests 

Uuriut;  a previous  contract  _lj,  an  extensive  study  was  made  of  the 
response  of  lined  and  unlined  tunnels  subjected  to  uniaxial-strain  loading. 
This  work  was  continued  in  the  present  program  with  the  addition  of  iso- 
tropic loadiitg  as  well  as  un iaxi a 1 -s t rain  loading.  I'igure  4-5  shows  the 
results  of  static  and  dynamic  isotropic  loading  tests  on  imlined  tunnels 
in  saturated  61>  rock.  In  the  static  test,  flaking  takes  place  in  a rela- 
tively uniform  way  around  the  tunnel.  Plastic  flow  in  the  rock  tends  to 
make  the  opening  shrink  under  load  while  the  flaking  tends  to  make  it 
increase  in  size.  The  net  result  is  zero  diameter  change  on  the  average 
around  the  hole.  lor  the  dynamically  loaded  specimen,  the  flaking  is 
more  severe  at  the  top  and  bottom  of  tit  ■ tunnel  than  at  the  sides.  This 
asymmetric  response  to  a svmmetric  load  was  proltablt  caused  b\-  an 
instability,  wherebv  the  lailure  of  the  tunnel  in  one  location  caused 
the  loctil  loading  to  become-  more  and  niort-  asvmmelric  as  the  litilure 
progressed.  The  inslal>ilitv  is  itrob;tl)l\  c.iused  )>\  imperfections  iit  I In- 
rock  rtither  thtin  bv  diflerences  in  the  t \ pe  ol  load  .ipplied  (static 
\ersus  d\ii;uiiic  . SimiUir  Itehttvior  was  observid  in  the  pret  ious  program 
but  the  cavitv  ovtilled  in  the  opposite  direction.  In  the  .-'itei' imen  in 
Figure  1-5(1))  the  vei'tical  diameter  increased  (1.8  (lerceut  while  t he 
horizontal  diameter  decreased  2.4  percent. 
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(a)  STATIC  LOADING  (Sl-31) 
^Max  ~ 15,50C  psi 
ADv/D  = 0 
ADh/D  = 0 


(b)  DYNAMIC  LOADING  (DI-22) 
^PEAK  ~ 13,000  psi 
aDv/D  = -0.8% 

ADh/D  = 2.4% 


MP  3743-9 

FIGURE  4-5  A COMPARISON  OF  UNLINED  TUNNEL  RESPONSE  IN  6B  ROCK  SUBJECTED 
TO  STATIC  AND  DYNAMIC  ISOTROPIC  LOADING 
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Ik'oausi.'  t liL'  llakiii};  that  takos  itlaco  aruund  llu.’  inside  oi  the 
tunnel  uceiirs  in  nnpred  ielalile  locations  and  is  dilliciilt  to  measure, 
it  is  liard  to  iitianlily  the  dainaf^e  that  occurs  in  an  unlined  tunnel 
unde'r  isotropic  loading.  The  addition  ol  a thin  liiuf  eliirinates  tliis 
llakiny:.  as  demonstrated  b\  the  results  ol  static  and  dvnamic  tests 
on  a tunnel  witli  a d-mil  (0.132  iiun)-thick  liner  (a  h = 30.  I'iKur*-'  l-d'. 
We  Iherelore  conlined  furthe-r  inves t ifta  1 ion  to  ttic'  study  oi  tunnels 
with  either  direct  contact  liners  or  backpacki’d  liners. 


(a)  STATIC  LOADING  (SI-35) 

^MAX  ' 20,000  psi 
AVG.  AD  D = 8% 


(b)  DYNAMIC  LOADING 
(DI-28) 


■^PEAK 

AVG.  AD/D  = 5.5' 
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FIGURE  4-6 


A COMPARISON  OF  LINED  (a  h 501  TUNNEL  RESPONSE  IN  6B  ROCK 
SUBJECTED  TO  STATIC  AND  DYNAMIC  ISOTROPIC  LOADING 


ISO'IUOPIC  l,OAl)INC;  KXPKHIMKNTS 


5. 

In  tills  Hiaptcr.  tve  prest-nl  I ho  rosults  ol  isnl  rop  io  ( ax  isvmmol  r ic  ) 
loatlinp;  oxperimonls  in  saturalod  6B  i-Dt'k.  Tho  tosts  includo  both  static 
and  tlvnamic  loading:;  tho  static  tests  arc  dnainod  and  the  dynamii-  tests 
arc  iindrainod.  as  discussed  in  Section  1.2.  The  s t inic  t ii  res  tested  wore 
models  ol  the  lined  tunnels  with  and  without  backpacking  lidded  in  the 
Dining  Cor  t'xae  r i men  t , all  made  with  1-inch-diainoter  rock  spccimc'ns. 

In  addition,  we  present  the  results  ot  a thnaiiiic.  isotropic  loading 
test  on  a scale  model  ol  a striictnre  lidded  bv  CASKS  in  Dining  Car  and 
the  results  ol  a static,  cyclic,  isotropic  loading  tost  on  a lined  tunnel 
in  dr\  (iB  rock. 

5.1  Static  Test  Results 

Six  static  isotropic  loading  i'X|)or  inient  s were  perlormod  on  models 

ol  the  Dining  Car  structures.  Table  5-1  gives  a list  ol  the  structures 

tested  and  the  maximum  loads  that  were  applied.  I'igure  5-1  shows  the 

rtsults  ol  a test  on  a tunnel  with  a direct  contact  steel  liner  [vidd 

strength  C = 10,000  psi  (276  MPa)  and  a 'h  = 50,.  The  linal  closure  was 
y 

AD/D  = 15  perccMit.  During  the  test,  buckling  was  observed  to  initiate 

at  about  7,000  psi  (48.3  MPa).  At  this  load,  the  surface  of  the  liner 

appeared  mottled,  with  high-order  harmonic  wrinkling.  The  buckles  grew 

at  the  load  ;ind  delormation  increased  tintil  they  reached  the  severe  state 

of  btickl  ing  shown  in  the  photograph.  The  restilt  of  a repc'at  lest  with  the 

same  I \ pe  liner  is  shown  lit  Kigure  5-2.  Since  the  final  load  in  this 

lest  is  higher  P = 28,000  psi  ( 103  MPa'  , I lu‘  dt'formation  (AD  I)  = 
o 

26  percent)  and  buckling  are  more  s<'\ere  than  in  1 he  pre\ious  case. 
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RESPONSE  OF  A STEEL-LINED  TUNNEL  TO  STATIC, 
ISOTROPIC  LOADING — a/h  ' 50,  P„,„g,  22,000  psi. 


FIGURE  5-  1 


FIGURE  5-2 


RESPONSE  OF  A STEEL-LINED  TUNNEL  TO  STATIC, 
ISOTROPIC  LOADING- -a/h  = 50,  P^^^^  = 28,000  psi. 


Hero,  buokliiiK  Ijo^^aii  at  about  5,000  psi  ( 193  MPa).  A plot  of  do  1 orma  t ion 
vor.siis  load  lor  those  liners  is  shown  in  l'it;ure  5-11.  whicti  will  be 
diseiissod  later. 

I'ift'uro  5-3  sliows  the  results  ol  a tost  on  a tunnel  with  a direct 
contact  steel  liner  with  a/h  = 25.  The  linal  load  was  29.000  psi  (2t)t)  MPa  . 
and  closure  was  12  percent.  Bucklinti  was  first  obscrxed  at  a pressure  ol 
8,000  psi  (55.2  MPa),  which  i.s  slitthtly  hisiher  than  tliat  lor  1 he  thinner 
liner.  .Also,  the  linal  btickied  state  is  not  as  severe  as  in  the  thinner 
liner.  (Compare  Fintires  5-2  aitd  5-3). 

The  resitlts  ol  a test  on  a tunitel  with  a direct  contact  liner  witli 
a h = 12.5  are  shown  in  Fi^^tire  5-4.  The  liner  did  not  bttcklc  as  did 
the  thiitner  liners  jvtst  discussed.  The  peak  load  w;ts  P = 25,000  psi 


(172  MPa),  ttnd  the  linal  closure  was  AO  0 = 5.1  percent. 

Fia'iire  5-5  shows  the  restilts  ol  ;i  lest  on  a tunnel  willt  a steel 
litter  (a  h = 25'  surrtninded  bv  backpacking:  with  a rad  itis- 1 o- 1 h icltness 
ratio  k/h  = 1.5.  The  back))ack  inp  is  made  from  12-lb  (5.11  kp' 
polyurethane  loam,  which  lias  a crush  streitpth  ol  altotil  550  psi  (3.79  Mi’a ' 
uj)  to  a strain  ol  10  itcrcent.  The  Itackpack  inp;  is  barely  visible  itt  the 
photopraph  Itecause  it  iias  been  crushed  between  the  cavit\’  wall  and  the 
liner  dtirinp  t lie  test  (crushiip  03  percent).  The  linal  load  was 
23.flOO  psi  ( 159  MPa  . but  the  closure  of  the  liner  is  iteplipible  because 
mf)St  of  the  deformation  ol  the  cavitv  was  absorlted  bv  the  backpackinp. 

■fhe  results  (t  1 a similar  test  with  the  same  backpackinp'  thickness  but 
with  a thicker  1 iner  (;t/h  = 12.5)  are  shown  in  Fipurt'  5-6.  .Apain.  the' 
closure  ol  the  liner  is  nc'plipible  up  to  a pre'ssurt'  ol  2 1.000  psi 
( 165  MPa).  In  this  case,  the  backpackinp  crushed  to  a strain  ol  almost 
70  percent . 


H5 


RESPONSE  OF  A STEEL-LINED  TUNNEL  TO  STATIC, 
ISOTROPIC  LOADING  -a/h  25,  29,000  psi. 


FIGURE  5-3 
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FIGURE  5-4 


RESPONSE  OF  A STEEL-LINED  TUNNEL  TO  STATIC, 
ISOTROPIC  LOADING  -a/h  = 12.5,  = 25,000  psi 


■x'.,' 
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FIGURE  5 5 RESPONSE  OF  A STEEL  LINER  WITH  BACKPACKING 
TO  STATIC,  ISOTROPIC  LOADING  a h 25, 

Pom, IX  23,000  psi,  AD  D 0 0075,  RH  4 5 


7<!S 
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FIGURE  5 6 RESPONSE  OF  A STEEL  LINER  WITH  BACKPACKING 
TO  STATIC,  ISOTROPIC  LOADING  a/h  12.5, 

Pomax  24,000  psi,  AD/D  0 0025,  R H = 4.5 


5.2  Dvnamic  Test  Results 


Two  dynamic  isotropic  experiments  were  performed.  One  was  on  a 

tunnel  with  a direct-contact  (a/h  = 50)  steel  liner  in  saturated  6B  rock; 

the  other  was  on  an  aluminum  model  of  the  C.XSES  structure,  wlticli  was 

tested  in  HARM  grout.  Figure  5-7  shows  tlic  results  of  the  test  on  the 

a/h  = 50  liner.  The  peak  pressure  was  P = 10,500  psi  (72.2  MPa)  and 

o 

the  final  closure  was  AD/D  = 2 percent.  This  liner  is  buckled,  as  was 
its  static  loading  counterpart  discussed  in  the  previous  section,  where 
buckling  started  at  7,000  psi  (48.3  MPa), 

liigli-speed  photograplis  of  tlie  response  of  the  liner  wore  taken 
during  the  test.  .A  transparent  plastic  tube  filled  witli  a crushable 
plastic'  foam  was  inserted  into  tlie  liner.  Photograplis  were  taken  with 
a Ilycam  camera  using  back  lighting.  Figure  5-S  shows  the  time  history 
of  I hc'  resixmse.  The  ring  ol  light  is  the'  light  transmitted  through 
the  plastic  tube  that  follows  the  deformation  of  tlie  linc'r.  We  observe 
the  formation  of  a buckle  in  the  lower  right  hand  side  of  the  liner 
at  t = 308  „s.  .At  t = 020  us.  tlie  picture  is  completelv  obsetired  li\ 
smoke  1 fom  the  loading  machine. 

•A  siiitiile  model  of  a C.A.SFS  comiiosite  integral  liner  (Ref.  0) 
was  al.So  testc'd.  Rather  t lian  t rv  to  model  the  details  ol  stc'cl  and 
reinlOrced  concrete  used  in  the  composite  integral  liner,  we  decided  to 
use  a soil  aluminum  (,A1  (iOtil-’fO  with  a vie  Id  stress  ^.  = 15.000  p.s  i 
(103  MI’a))  liner  that  would  yic'ld  at  approximately  the  same'  prcssitre 
P.  2 . r>00  psi  (l7.2  MPa)’’'  as  the'  composite  integral  line'r.  Soft 
aluminum  w;is  chosen  as  the  liner  material  so  that  the  rad  ins- 1 o- 1 h ickness 
ratio  (a  h = O)  would  be  low  to  inhibit  buckling.  The  liner  was  tested 
in  HARM  grotit  be-catise  this  was  the  mtiterial  that  stirrounded  the  structtire' 
in  the  Dining  Car  experiment  de'se-rihe-d  in  Chapter  7.  V'igvirc  5-9  shenvs 
the  results  ol  a denamic,  isotroi>ie  loading  test  on  this  structtire'  where'. 


t = 0 


t = 92  jjiSec 


t = 276  psec 


t = 184  ijsec 


t = 460  iJsec 
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FIGURE  5-8  TIME  HISTORY  OF  RESPONSE  OF  A STEEL  LINED  TUNNEL  TO  DYNAMIC 
ISOTROPIC  LOADING  j/h  50,  10,500  osi,  D 0 02 


MP-3743-42 
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■ FIGURE  5-9 
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RESPONSE  OF  AN  ALUMINUM-LINED  TUNNEL 
IN  HARM  GROUT  (CASES  MODEL)  TO  DYNAMIC, 
ISOTROPIC  LOADING — a/h  = 6.0,  P^^^^  = 

11,200  psi 
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MICROCOPY  RESOLUTION  TEST  CHART 


at  a peak  pressviro  of  P = 11,200  (77.2  MPa'),  wo  observe  that  this  liner 

o 

is  severely  collapsed. 

5.3  Interpretation  of  Static  and  Dynamic  Isotropic  Loading  Tests 

We  will  now  compare  the  results  of  tlie  static  and  dynamic  isotropic 
loading  tests.  Table  5-2  gives  a summary  of  the  tost  results.  Figure  5-11 
plots  closure  versus  pi'cssure  for  the  isotropic  loading  experiments.  The 
results  of  the  two  tests  on  the  a/h  = 50  direct  contact  liners  (upper  two 
curves)  are  in  close  agreement,  demonstrating  tlio  reproducibility  of  the 
experiment.  Tlie  deformation  of  tlio  thicker  (a /li  = 25)  direct  contact  liner 
is  smaller  tlian  that  in  the  a/h  = 50  liner  because  tlte  thicker  liner 
applies  greater  confining  pressure  to  tlie  j-ock  and  also  buckles  less 
severely  than  tlie  thinner  liner.  Similarly,  the  deformation  of  the 
a/h  = 12.5  liner  is  smaller  still  since  it  does  not  buckle  at  all.  The 
two  backpacked  liners  are  relatively  undamaged  because  the  backpacking  has 
absorbed  most  of  the  rock  cavity  deformation  without  applying  excessive 
pressure  to  the  steel  liners. 

Ue  now  compare'  tlie  stalicallv  loaded  a/h  = 50  liner  with  its  dynani- 
icallv  loaded  counterpart.  ( See  Figure  5-10.'  Because  the  final  peak 
pressure  in  the  static  test  was  more  than  a factor  of  two  greater  than 
in  the  dynamic  lest,  the  amoiml  ol  deformation  for  the  static  loading  is 
considerably  larger  than  lor  1 lu-  d\namii'  loading.  \Ve  will  compare 
delormalion  at  the  sanu-  pres.suri'  in  the  next  paragraph.  Although  the 
amount  ol  deformation  is  dillirent.  the  iharacti'r  of  the  two  responses 
is  very  similar.  Thev  both  show  the  same  Ivpe  of  high  harmonic  buckling 
pat  tern. 

The  dynamic  loading  result  loi-  tlu'  a h = 50  direct  contact  liner  is 
also  plotted  (star  symbol)  in  Figure  5-11.  The  defoiniiation  is  about 
10  percent  lo'ver  in  the  dynamic  case  than  in  the  static  case.  This 
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Table  5-2 

SUMMARY  OF  ISOTROPIC  TESTS  IN  SATURATED  ROCK 
Static  Tests 


Struct  lire 

P 

omax 

(psi) 

AD  /D 

max 

(percent ) 

Comments 

Steel  a/h  = 50 

22,000 

15.0 

I.iner  severely  buckled 
starting  at  7000  psi 

Steel  a/h  = 50 

,28,000 

26.0 

Liner  severely  buckled 
starting  at  5000  psi 

Steel  a/h  = 25 

29,000 

12.0 

Liner  moderately  buckled 
starting  at  8000  psi 

Steel  a/h  = 12.5 

25,000 

5,1 

Liner  not  buckled 

Steel  a/h  = 25 

23 , 000 

0.75 

Backpacking  severely  crushed, 
liner  undamaged 

Steel  a/h  = 12.5 

24,000 

0.25 

Backpacking  severely  crushed, 
liner  undamaged 

Structure 

P 

omax 

(psi) 

AD  /D 

max 

(percent) 

Comments 

Steel  a/h  = 50 

10,500 

2.0 

Liner  moderately  buckled 

A1  6061 -TO 

a/h  = 6.5 

1 1,200 

- 

Liner  severely  collapsed 

This  structure  was  tested  in  HARM  Rrout , 
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(b)  DYNAMIC  RESPONSE  AT  = 10,500  psi 


MP-3743-43 


FIGURE  5-10  COMPARISON  OF  STATIC  AND  DYNAMIC  RESPONSE 
OF  A STEEL-LINED  TUNNEL  TO  ISOTROPIC 
I OADING  a/h  50 


o a/h  = 50  Direct  Contact  Liner 

• a/h  = 50  Direct  Contact  Liner 

A a/h  = 25  Direct  Contact  L::ier 

■ a/h  = 12.5  Direct  Contact  Liner 

▼ a/h  = 25  Liner  with  Backpacking 

♦ a/h  = 12.5  Liner  with  Backpacking 

★a/h  = 50  Direct  Contact  Liner  (Dynamic  Test) 


o • 
o • 


• o ★ A 
o ^ ^ 4 t ■ 


APPLIED  PRESSURE,  P^  — ksi 


MA-3743-20A 


FIGURE  5-11  EXPERIMENTAL  CLOSURE  VERSUS  APPLIED  PRESSURE  FOR  STATIC, 
ISOTROPIC  LOADING  OF  6B  ROCK 
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difference  can  be  attributed  in  part  to  the  presence  of  porewater  pres- 
sure in  the  dynamic  loading  tost,  which  tends  to  make  the  rock  stronger 
as  discussed  in  Section  2.4, 

5 . 4 Static,  Cyclic,  Isotropic  Test  Results 

To  help  answer  the  question  of  how  yielding  structures  respond 
under  repeated  loading,  wo  performed  cyclic  loading  tests  on  rock 
specimens  with  a/h  = 12.5  steel-lined  tunnels  in  dry  6B  rock.  In  the 
first  tost  the  loading  was  isoti'opic.  This  was  followed  by  a uniaxial- 
strain  loading  test  (described  in  the  next  cliaptcr). 

Figure  5-12  shows  the  results  of  the  isotropic  loading  test;  tunnel 

closure  AD/D  is  plotted  against  applied  pressure  I’  . Repeated  loading  to 

o 

the  same  load  results  in  only  very  small  additional  inci'ements  in  tunnel 
closure.  For  example,  in  the  first  loading  it)  a pressure  P = 11.5  ksi 
(79.3  MPa),  the  tunnel  closure  was  AD/1)  = 1.85  percent.  Upon  unloading 
to  1.0  ksi  (6.89  MPa),  (a  small  pi'ossure  was  required  to  maintain  the 
seals)  the  liner  expanded  slightly  to  a tunnel  closure  of  AD/D  = 1.65 
percent.  Reloading  back  to  11.5  ksi  (79.3  MPa)  took  place  back  up  the 
unloading  line  to  about  9 ksi  (62.0  MPa)  and  then  div'orged  slightly  to 
a final  closure  of  2.00  percent  at  11.5  ksi  (79.3  MPa',  A second 
unloading  and  reloading  cycle  to  11.5  ksi  (79.3  MPa)  resulted  in  a 
final  closure  of  2.10  percent.  Thus,  the  fear  that  eacli  cycle  of 
reloading  might  give  an  additional  closure  increment  comparable  to  the 
initial  closure  was  not  realized  (that  is,  the  closure  did  not  increase 
from  2 to  4 to  6 percent  at  the  end  of  each  cycle). 

Having  demonstrated  that  repeated  loading  to  t lie  2 percent  initial 
closure  load  produced  only  small  additional  closure,  we  increased  the 
load  to  17.5  ksi  (l2.0  MPa'!.  This  increased  the  closure  along  an  ex- 
tension of  the  initial  closure  curve  to  a final  closure  of  4.03  percent. 
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TUNNEL  CLOSURE,  AD/D  — percent 


I'nloacliiiK  aiul  rcloadins  to  17.0  ksi  (ll7  MPa)  gave  a total  closure  of 
■1.3  percent,  a{j;ain  only  a very  small  amount  Rroater  than  the  closure 
at  the  initial  17.5  ksi  ( 120  MPa).  I'pon  continued  loadiiif;  to  21  ksi 
( 115  MPa),  the  closure  resumed  its  more  substantial  increase,  to  a 
final  closure  of  5.2  percent. 

It  appears  that  the  final  deformation  of  the  tunnel  is  not  seriously 
atfccted  by  repeated  unloading  and  reloading.  The  rock  and  tunnel  clo- 
sure system  apparently  "shakes  down"  under  repeated  loading,  so  that  tlie 
rock-liner  structure  system  remains  elastic  to  higher  loads  on  second 
and  subsequent  loadings. 


V, 


I 
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6.  raiAXIAL-STRAIN  LOADING  EXPERIMENTS 

In  this  chapter,  we  present  the  results  of  static,  uniaxial-strain 
loading  experiments  in  both  water-saturated  and  dry  6B  rock.  The  tests 
in  saturated  rock  are  drained  as  described  in  Section  4.2,  Again,  the 
structures  tested  consisted  of  models  of  the  lined  tunnels  with  and 
without  backpacking  tested  in  Dining  Car.  We  also  present  the  results 
of  a static,  cyclic,  uniaxial-strain  loading  test  on  a lined  tunnel  in 
dry  6B  rock.  All  tests  were  with  4-inch-diameter  rock  specimens  as  in 
the  isotropic  tests  just  described  in  Section  5. 

6.  1 Saturated  Itock  Experiments 

Five  static,  uniaxial-strain  e.xperiments  were  performed  on  models 

in  saturated  6B  rock.  Table  6-1  gives  a list  of  the  structures  tested 

and  the  maximum  v'ortical  pressure  P and  horizontal  pressure  P applied. 

V H 

Figure  6-1  shows  the  results  of  a test  on  a tunnel  with  a direct  contact 

steel  liner  witli  a/h  = 50.  The  peak  vertical  load  was  P^,  = 12,500  psi 

(86.2  MPa),  and  the  peak  horizontal  load  was  P^^  = 1.750  psi  (32.3  MPa^. 

The  final  vortical  closui’o  was  AD  D = 11.35  percent.  The  liner  is 

V 

ovalled  and  lias  bv\cklos  at  the  springlines.  Figure  6-2  shows  photograplis 

of  the  history  of  the  buckling  taken  at  increments  in  vertical  load. 

The  pliotograplis  were  taken  through  a concave  lens  that  fit  inside  the 

tunnel  entry  tube.  The  surface  of  tlie  liner  ranges  from  smooth  to 

mottled  between  P =5  ksi  (34.5  MPa'!  and  P = 7.5  ksi  (51.7  MPa), 

V V 

The  mottling  is  apparently  due  to  the  liard  grains  in  the  rock  simulant 
indenting  the  wall  of  the  liner.  At  P^.  = 8 ksi  (55.2  MPa’!,  a buckle  at 
the  spring  line  is  clearly  visible.  At  P^.  = 11  ksi  (75.8  MPa  \ the 
buckle  is  well  developed. 
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Table  6-1 

STATIC  I'.MAXIAL-STRAIN  TTCSTS  IN  SATURATED  ROCK 


Test  Number 

S t I'la  1 11 1'e 

P 

Umax 

(psi 

P 

Umax 
(psi  ) 

SUX-S9 

Steel  a/h  = 50 

12,500 

■1,  750 

SUX-82 

Steel  a/h  = 25 

19 . 000 

8,600 

SUX-83 

Steel  a/ll  = 12.5 

16,500 

8,300 

SUX-S8 

Steel  a/h  = 25 
Willi  ba  c k pa  c k i hr- 

22.000 

11 . 400 

SUX-87 

Stool  a/h  = 12.5 
with  backpacking 

22 . 000 

10, 050 

MP-3743-44 


FIGURE  6-1  RESPONSE  OF  A STEEL-LINED  TUNNEL  IN  j 

SATURATED  ROCK  TO  STATIC.  UNIAXIAL  | 

STRAIN  LOADING  — a/h  50,  S 

12,500  psi,  ^Dy/O  0,1135  | 


I’lKUi’f  G-3  sliows  tlio  results  ol  a test  on  a direct  contact  steel 

liner  witli  a li  = 25.  Tlie  linal  peak  vortical  load  was  = 19,000  psi 

(l31  MPa',  and  tlie  peak  horizontal  load  was  P^^  = 8,600  psi  (159.3  MPa). 

The  linal  vertical  closure  was  Al)^/U  = 11.7  [jercont.  Ap:ain,  tlie  liner 

is  ovalled  and  has  buckled  at  the  spriiiRlines.  Figure  6-1  shows  the 

bucklinii  history.  In  this  case,  the  photo”;raphs  were  taken  witli  a 

35-huu  camera  and  standard  50-nuii  lens  without  the  concave  lens.  The 

development  ol  the  buckles  is  similar  to  the  previous  case,  but  it  takes 

place  over  a wider  span  ol  loading  and  tunnel  closui'c.  The  surlace  ol 

1 he  linei’  ranges  Irom  smooth  to  mottled  between  P^,  = 5 ksi  (31.5  MPa 

and  P^,  = 13  ksi  (89.6  MPa'  as  compared  to  P^  = 5 ksi  (31.5  MPa)  to 

P = 7.5  ksi  (51.7  MPa'  lor  the  a 'h  = 50  liner".  A buckle  at  the 
V 

spriiiffline  is  barely  visiltlc  at  P^  = 11.000  psi  (96.5  MPa'  but  is  well 
developed  at  P^.  = 19.000  psi  ( 130  MPa'. 

Fixture  6-5  shows  the  results  ol  a test  on  a tunnel  with  a dii’ect 

contact  linei’  with  a/h  = 12.5.  Tlie  |teak  vertical  load  was  P^,  = 16.500 

psi  (ill  MPa K and  tlte  peak  horizontal  lo.td  was  P^^  = .8.300  psi  (57.2  .MPa). 

The  linal  vert  it. il  tunnel  closuri'  was  ' D^.  I>  = ti.l3  [tercent  and  the  linal 

horizontal  tunnc'l  exitansion  was  .'0  1>  = -0.96  pi'i'ient  .outward  nio\ement 

II 

considi'i’t'd  nettalivt').  The  liner  is  ov.tlled  but  not  bttckled. 

Figure  6-6  shows  the  results  ot  a test  on  .i  tuntiel  with  a steel 

liner  (a  h = 25  surrounded  by  backp.u’k  itiit  with  a rad  ius- 1 o- 1 h i ckness 

ratio  i;  II  = 1.5.  The  peak  verlii.’.il  load  was  P^,  = 22.000  psi  (l52  MPa  . 

and  the  peak  horizontal  load  was  P = 11.  100  psi  7.8.6  MP.i  . Ue  observe 

U 

that  the  backpack  i tii:  is  more  se\c'relv  iruslu'd  .it  t lu'  crown  and  in\c'ft 
(66  percent  crushup  than  at  the  s pr  inn  1 ities  ( "’fi  perci-nt  i rushup'.  The 
linal  vertical  tunnel  closure  was  A!)^.  T>  = 1.88  percetit.  and  the  lin.tl 
horizontal  tunnel  expansion  was  AD  ’d  = -3.2  1 pi'-cint. 


• « 


MP-374J-4bA 


FIGURE  6-3  RESPONSE  OF  A STEEL-LINED  TUNNEL  IN  SATURATED 
ROCK  TO  STATIC,  UNIAXIAL  STRAIN  LOADING  a-h 
'’vmax  19.000  psi,  JiDy  D 0 147 
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MP-3743-61 


FIGURE  6-4 


BUCKLING  IN  a/h  25  STEEL  LINER  SATURATED  6B  ROCK  UNDER 
UNIAXIAL  STRAIN  LOADING  (P^,  ADw/D) 


13  ksi,  7.7%  19  ksi,  14.7% 

MP-3743'62 


FIGURE  6~4  BUCKLING  IN  a/h  25  STEEL  LINER  SATURATED  6B  ROCK  UNDER 
UNIAXIAL  strain  LOADING  (P^,  .^D^/D)  (Concludod) 

: UR 


MP-3743-46 


FIGURE  6 5 


response:  of  a steel  lined  tunnel  in  saturated 

ROCK  TO  STATIC,  UNIAXIAL  STRAIN  LOADING  a-'h 
12.5,  16,500  psi,  ^Dw  D 0 0913 


FIGURE  6-6  RESPONSE  OF  A STEEL  LINER  WITH  BACKPACKING  IN 
SATURATED  ROCK  TO  STATIC,  UNIAXIAL  STRAIN 
LOADING  a/h  25,  = 22,000  psi, 

ADy.'D  0.0488  (LINER) 

ADy  D 0,195  (ROCK) 


I'iti'nro  6-7  shows  the  results  ol'  a similai'  tost  on  a backpacked 


L 
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I 

I 


.1 

linei-  witli  a h = 12.5.  The  peak  vortical  load  was  P^,  = 22,000  psi 
( 152  MPa)  and  tlie  peak  horizontal  load  was  P^^  = 10,050  psi  (69.3  MPa). 

Again  the  backpacking  is  more  severely  crushed  at  the  crown  and  invert 

(76  percent  crushup)  than  at  the  springlines  (36  percent  crusluip\  1 

Tlie  reason  tor  the  dil'Iercnco  in  amount  ol  backpacking  crushup  from 

ttic  tost  I'oported  above  is  unknown.  In  this  case,  the  vertical  tunnel 

closure  = 1.0  percent  is  only  sliglitl\-  larger  in  magnitude  tlian 

the  liorizontal  tunnel  expansion  AD^^/D  = -3.22  percent. 

6.2  Dr\-  Itock  Experiments 

Experiments  similai'  to  tlie  ones  in  the  previous  section  wei'o  also 
performed  on  models  in  dry  6B  I'ock.  Here  wo  give  the  results  of  these  i 

tests;  comparisons  with  the  saturated  rock  results  are  given  in 

Section  6.3.  Table  6-2  gives  a list  of  tiie  structures  tested  and  the  i 

maximum  loads  applied.  figure  6-8  shows  the  results  ol  a tost  on  a 

direct  contact  liner  with  a/h  = 50.  The  peak  vortical  load  was  P = 

V 

23.500  psi  ( 162  MPa),  and  the  peak  horizontal  load  was  P^^  = 9.800  psi 

(67.6  MPa'.  The  final  vertical  closure  was  AI)  1)  = 17.5  percent. 

\' 

We  observe  that  the  liner  is  ovalled  and  has  buckles  at  the  springlines 

as  did  its  counlei'iiarl  in  saturated  rock. 

figure  6-9  gi\-cs  the  results  of  a test  on  a direct  contact  liner 

with  a/h  = 25.  The  peak  vertical  load  was  P^  = 30.000  psi  (207  .MPa  . 

and  the  peak  horizontal  load  was  P = 13.300  psi  (91.7  MPa).  The  litial 

11 

vertical  closure  was  Al)  /l)  = 20.0  percent.  Again,  the  liner  is  o\alled 
w 1 1 li  buckles  at  the  sjo' ing  1 1 ik' . 

figure  6-10  shows  the  result  ol  a test  on  a il  i roc  t (.-(Uitai'i  liner 
with  ah  = 12.5.  The  peak  vertical  load  was  P^^  = l8.0O(i  jis  i ( 12  1 MPa'* 
and  the  peak  horizontal  load  is  P^^  = 6.960  psi  ( 17.91  MPa'.  fhe  tiital 
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MP-3743-48 

FIGURE  6 7 RESPONSE  OF  A STEEL  LINER  WITH  BACKPACKING  IN 
SATURATED  ROCK  TO  STATIC,  UNIAXIAL  STRAIN 


LOADING — a/h  12  5,  Pv,„ax  = 22,000  psi,  ,ADv/D  0 04, 

R/H  4 5 


1 • n ,'i 
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RESPONSE  OF  A STEEL-LINED  TUNNEL  IN  DRY  ROCK 
TO  STATIC,  UNIAXIAL  STRAIN  LOADING  j/h  50, 
Pvm,,x  23,500  psi,  ADv-'D  0 175 


MP-3743-50 


FIGURE  6-9  RESPONSE  OF  A STEEL-LINED  TUNNEL  IN  DRY  ROCK 
TO  STATIC,  UNIAXIAL  STRAIN  LOADING  - a/h  25, 
Pvmax  = 30,000  psi,  ADy/D  = 0 20 
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FIGURE  6-10 


RESPONSE  OF  A STEEL-LINED  TUNNEL  IN  DRY  ROCK 
TO  STATIC,  UNIAXIAL  STRAIN  LOADING  a h 12.5, 
Pvmix  18,000  psi,  ODy  D 0 088 


vt-rlical  closm-e 

pans  ion  is  AD  /d 
11 


is  AD  /D  = 8.8  percent,  and  t lie  iinal  horizontal  ex- 
ir  ’ 

= -2.56  percent.  The  liner  is  ovalletl  hut  not  Intckled. 


The  resitlts  ol  a lest  on  a tunnel  witli  a steel  liner  ( a /li  = 25'! 

surroittided  h\-  baekpaekinp;  ( 11  H = 1.5^  are  shown  in  I'iunre  (5-11.  The 

peak  vertical  load  was  1’^,  = 2 1.(500  psi  ( 169  MPa),  and  the  ]>eak  horizontal 

load  was  = 10,300  ]is  i (71.0  MPa'.  The  backjjack  int;  was  more  severely 

crushed  at  the  crown  and  invert  ((56  percetit  crushup''  than  at  the  sprin;;- 

lines  ( 15  percent  crushitp^.  The  iinal  vertical  tunnel  closure  was 

AD  /d  = 5.5(5  ijcrcetu  and  the  fitial  horizontal  expansion  was  AD  h)  = 

V li 

-5.11  percent,  which  is  almost  as  larije  as  t Ite  vertical  tunnel  closure'. 

Figure  (5-12  shows  the  restilts  oi  ;t  similar  test  on  ati  a At  = 12.5 

litter  with  backpacking.  The  iteak  vertical  Ittad  was  P^^  = 26.000  psi 

( 179  MPa'  and  the  peak  horizontal  load  was  P = 10.950  jts  i (75.5  .MPa). 

11 

.Again,  the  backitacking  is  more  severelv  cruslu'd  at  the  crown  and  ittvert 

((59  percent  crusluip'  than  at  the  springlinos  (33  ]tercettl  crushup't.  The 

liner  ex])anded  laterally  as  much  as  it  contracted  vertically.  The  iinal 

vertical  closure  was  AD  /l)  = 2.22  percent,  ttnd  t lie  iinal  horizontal 

V 

expatision  was  AD^I  D = -2.22  percent. 


(5.3  Interpretation  oi  I tiiax  i.i  1- S t ra  iti  hoading  Kxper  iments 

Table  (5-3  is  ;t  summart  oi  the  static,  uniax  ia  1 -st  ra  itt  loaditig  test 

rc'stilts.  The  character  oi  the  response  oi  the  varioits  strvictures  in 

saturati'd  rock  is  essentially  the  same  as  that  oi  tiu'ir  cotm  t erjta  r t s 

in  dr\  rock.  For  a more  ((uatil  i tat  ive  comparison  oi  the  response  ol 

the  structures,  let  tis  examine  Itinnel  detormation  as  a lunction  t>  1 

load.  Figure  (5-13  shows  plots  oi  \ertical  ttinnel  closure  AD^,  D as  a 

liinctioti  oi  vi'rtical  pressure  P ior  the  s t rtic  t it  rt-s  in  saluratt'd  rock. 

\' 

For  the  d i rec I -con t ac I liners,  we  observe  that  ior  a given  load  the 
tunnel  closure  tlecreases  as  the'  thicktu-ss  ol  t lu'  1 iiu'r  increases. 
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FIGURE  6 11  RESPONSE  OF  A STEEL  LINER  WITH  BACKPACKING 
IN  DRY  ROCK  TO  STATIC,  UNIAXIAL  STRAIN 
LOADING— a'h  25,  24,500  psi, 

^Dy  D 00556,  R/H  4 5 
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ruble 


Springlinc  buckles  made  D measurement  impractical. 


Tabic  (i-3  (Concluded 


SprinKlinc  buckles  made  I)  measurement  impractical. 


lIowL'VL'r,  the  di  fl'erence  in  closure  irom  one  liner  to  the  next  is  not 
nearly  as  great  as  it  was  for  isotropic  loading  (Figure  5-11).  Tlie 
apparent  reason  is  that  for  isotropic  loading,  tlte  liner  resists  delorma- 
tion  through  hoop  compression,  wliicli  is  the  most  efficient  means  of  re- 
sistance for  a tliin-walled  sliell.  For  isotropic  loading,  the  liner 
carries  a significant  part  of  tlie  total  load,  i.e.,  the  surrounding  rock 
does  not  carry  all  tlie  load  alone.  However,  for  uniaxial  strain  loading, 
the  liner  ri'sists  deformation  through  a combination  of  hoop  compression 
and  bending,  which  is  a less  efficient  means  of  resistance.  In  this 
case,  tlie  liner  carries  a smaller  part  of  the  load,  with  the  rock 
carrying  the  major  part.  Since  the  rock  carries  most  ol  the  load,  the 
type  of  liner  used  has  little  effect  . and  hc'ncc,  the  reduction  in  deformation 
from  one  liner  to  the  next  is  small  eompared  with  a doubling  in  wall  thick- 
ness from  one  liner  type  to  the  next. 

Liner  deformation  is  reduced  substantially  when  backpacking  is 
added.  However,  under  un i axia 1 -s t ra in  loading,  t lu’  liiurs  now  have 
deformations  of  a few  percent,  in  contrast  to  less  than  one  percent 
throughout  the  entire  loading  range  under  axisymmetric  loading  (compare 
figures  5-11  and  6-13).  The  S shape  of  the  load-de 1 orma t ion  curves 
imder  uniaxi.il  strain  loading  (Figure  6-13;  the  deformation  rises,  then 
remains  at  a plateau,  and  then  rises  again)  is  probably  a lal lection  ol 
the  shape  of  the  s t ress-s  t rain  cui've  of  the  foam  as  it  crushes.  During 
early  deformation  the  finite  initial  modulus  of  the  foam  gives  rise  to 
a radial  stress  difference  around  the  circumference  of  the  steel  liner 
as  the  rock  cavity  closes  asymmetrically  under  un i axi a 1 -s t r;i  in  loading. 

Tliis  causes  the  liner  to  deform  into  an  oval  sliape.  At  larger  cavity 
closures,  this  stress  difference  can  no  longer  increase  because  the 
loam  begins  to  crush  at  constant  stress  at  the  crown  and  invert,  where 
the  rock  closui-e  is  largest.  Thus,  during  this  period  tlie  curve  has  a 
plateau,  where  the  steel  liner  deformation  remains  constant  as  the  ex- 
ternal loading  increases,  even  though  the  rock  cavity  continues  to  close. 

At  still  larger  external  loading  and  rock  closure,  the  foam  begins  to 


lock  up  so  that  the  stress  again  rises  and  the  steel  liner  once  again 
detorms  with  increasing  load. 

This  sequence  ot  ev’ents  is  consistent  with  tlie  plateaus  in  I'igure  6-13 
extendiijg  over  the  same  loading  range  for  botli  tlie  a/h  = 12.5  and  a/li  = 

25  liners,  but  with  the  plateau  at  a larger  deiormation  tor  the  a/h  = 

25  liner.  Being  thinner,  tlie  a/h  = 25  liner  must  oval  more  than  the 
a/h  = 12.5  liner  to  resist  the  stress  dttterence  around  its  circumference. 
We  would  expect  these  plateaus  ot  deformation  to  be  reduced  for  a foam 
with  more  nearly  rigid-perfect ly  plastic  stress-strain  behavior  (as  in 
cellular  concrete),  rather  than  elastic-plastic  behavior  (as  in  the 
polyurethane  foam  used  here) . 

Similar  |)lots  for  the  structures  tested  in  dry  rock  are  shown  in 
Figure  6-11.  The  general  behavior  of  tlie  structures  in  dry  rock  is 
similar  to  that  in  saturated  rock,  and  the  same  conclusions  hold. 

\Vc  will  now  eompari'  I he  response  of  1 he  indiiitlual  stinictures 
tested  with  the  three  1 \ pcs  of  loading:  uniaxial  strain  loading  in 

saturated  and  dr\-  rock  and  isotropic  loading  in  saturated  rock.  I'igure 
6-15  show.s  plots  ol  vertical  luniK'l  closure  versus  vertical  pressure 
for  direct  contact  liners  with  a/h  = 50.  For  uniaxial  strain  loading, 
redttcl  ion  in  deiormation  is  significant  in  the  dry  rock  results  as 
compared  to  the  saturated  rock  (compare  the  open  and  c loseil  circles'. 

This  is  becattsi'  the  drv  rock  maintains  a larger  friction  angle  at  high 
load  than  does  t h<'  saturated  rock.  t'omparison  of  the  uniaxial-strain 
and  isotropic  loading  results  lor  saturated  rock  (solid  circles  and 
triangles)  shows  that  deformation  is  cons iderabl  \'  smaller  under  isotropic 
loading.  The  load  re(|tiired  to  cause  5 perciuit  tunnel  closure  under 
isotropic  loading  is  = 12.li0n  ps  i (h2.7  MPa),  while  under  uniaxial- 
strain  loading  it  is  P^_  = !S . 500  ps  i ( 5H . 6 MPa).  Thus.  Idr  tlie  a '^h  = 50 
liner,  the  redticfion  in  load -car  rv  i ng  capaciti  betwei'ii  isotropic  loading 
and  uniaxial  strain  lottding  is  about  30  pt'rcent  . 
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Vit;urc  6-16  shows  similar  compaj'isotis  for  Uie  direct  contact  linci’ 
with  a/ti  = 25.  We  observe  a pattern  similar  to  the  results  for  t lie 
a/h  = 50  line!'.  The  main  diffei'cnce  is  that  with  the  thicker  liner  the 
separation  between  the  isotropic  and  uniaxial  strain  loading  curves  is 
wider  than  before.  The  load  rc(|Uircd  to  cause  5 percent  closure  under 
isotropic  loadintt  is  = 16,000  ])si  while  under  uniaxial  strain  loadintt 
it  is  P^,  = 10,000  psi  (66.9  MPa).  Tims,  for  the  a/h  = 25  liner,  the 
reduction  in  load-carry itiK'  cajiacity  is  about  15  percent  belween  isotropic 
loading;'  and  un  iax  ia  1 -s  t ra  in  loadiii”'  (comparc'd  with  30  percent  lor  the 
a/h  = 50  liner).  This  result  is  another  asiiect  of  the  inci'eased  elli- 
ciency  of  liners  undei’  isotropic  loading  as  comiiared  with  unia.xial- 
strain  loading.  Thus,  as  the  hoo])  st  rcn.yl  h of  the  liiu  i'  bc-comes  more 
sifiiiificant  compared  to  the  strenttth  ot  l he  I'ock  (a/h  decreases',  the 
difference  in  ci-itical  loads  between  isotropic  and  un iax ia 1 -si ra in 
loading;  becomes  largei', 

FiKui’e  6-17  shows  the  curves  for  the  direct  contact  liner  with 
a/h  = 12,5.  The  same  trend  noted  above  in  a'oitm  from  a/h  = 50  to 
a/h  = 25  continues  here  also.  The  load  required  for  5 [K'l'cent  closure 
under  isotropic  loading'  is  P^  = 2 1.000  psi  (116.5  MPa'  while  under 

unia.xial-strain  loading  it  is  P^,  = 1 1 . OOO  psi  ('75.8  MPa).  This  is  a 

55  percent  reduction  in  load-car  ry  iny:  cap.icit>  (compai'cd  with  15  iterccnl 
for  a/h  = 25  and  30  percent  for  a/h  = 50). 

I'iKvire  6-18  shows  the  results  lor  the  backpacked  1 inc'i'  with  a 'h  = 

25.  As  for  direct  contact  liners,  the  tunnel  closuie  for  a pi\en  load 

under  tiniaxial  strain  loading:  in  the  dry  rock  is  less  titan  in  the 
saturated  rock  since  the  dry  rock  is  slroiiiter  at  hiy,h  loads.  The 
peculiar  "hump'  in  the  curve  between  P^.  = 5000  psi  (31.5  MPa''  and  P^  = 
1-1,000  psi  (06.5  MPa)  in  the  saturated  rock  is  not  e.xpected.  Tliis 
anomalous  behavior  could  be  due  to  a crack  runnint;  hor izon t a 1 1 \ through 
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7 VERTICAL  TUNNEL  CLOSURE  VERSUS  VERTICAL  PRESSURE  FOR 
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tlie  specimen,  which  was  discovered  alter  sectioning  (.see  Figure  G-ll  . 
T!ie  uniaxial-strain  loading  deloi-inat  ions  ol  tlie  backpacked  liners  in 
both  the  saturated  and  dry  rock  arc  below  5 percent  loi'  vei'tical  load 
up  to  22,000  psi  ( 152  MPa).  rndci'  isotropic  loading  the  closure  is 
less  than  1 pej-cent  out  to  this  same  load. 

Figure  6-19  shows  the  curves  for  the  backpacked  liner  willi  a/li  = 
12.5.  Tlie  response  of  the  liner  in  this  case  is  similar  to  tliat  for 
tlie  a 'h  = 25  liner  witli  backpacking.  Here,  tunnel  closure  is  less  tlian 
2 percent  for  a load  up  to  20.000  psi  ( 138  MPa'  under  uniaxial  strain 
loading.  It  appears  Ibat  lockup  occurs  sooner  in  the  linei-  in  saturated 
rock  since  its  slope  steepens  at  P^,  = 18.000  psi  ( 12  1 MPa)  wliilc  tlie 
slope  of  the  liner  in  dry  rock  sta\s  relativeU’  Hat  out  to  P^,  = 23,f)00 

psi  ( 159  MPa).  The  deformation  of  the  Ixickpacked  liner  under  isotropic 
loading  is  negligible. 


6.1  Static,  Cyclic.  I'niaxial  Strain  Loading  Test  Results 

In  Section  5.5  we  described  the  results  of  a static,  cyclic, 
isotropic  loading  test  on  an  a/h  = 12.5  steel-lined  tunnel  in  dry  615 
rock.  We  found  that  the  final  deformation  of  the  tunnel  was  not 
serioitsly  affected  by  repeated  unloading  and  reloaditig.  In  this  sc'ction. 
we  present  the  results  of  a similar  test  will)  cyclic  tm  i a.x  ia  1 -s  t ra  in 
loading  rather  than  cyclic  isotroi)ic  loading. 

The  rcsitlts  of  this  test  are  shown  in  Figure  6-20.  where-  vertical 
litnnel  closure  Al)^ /l)  is  plotted  against  vertical  pressure  P^  . Behavior 
is  very  similar  to  that  for  isotropic  loading.  The  maiti  diffei-ence  is 
that  lower  pressures  are  re(|tiired  to  produce  a gixeti  amoutit  ol  tutinel 
closure  because  the  loading  is  asytimie  t r ic . Iluring  the  itiitial  loading 
to  a pressure  P^.  = 9. .5  ksi  (65. .5  MPa),  the  tttnnel  closure-  re-aehe-d  2.2,5 
pe-rcent.  Fpon  tmloading  to  1.1  ksi  (7.58  MPa),  the  tunne-1  e-xiiandi-d 
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FIGURE  6-?0  COMPARISON  OF  CYCLIC  AND  MONOTONIC  LOADING  TEST  RESULTS 
UNIAXIAL  STRAIN  LOADING 


i 


sliKhlly  to  a closure  ol  1.95  pcrconl  . Roloaclins'  to  9.5  ksi  (65.5  .MPa) 
Iji'ou.aht  the  closure  to  2.35  pei'eenl,  a vci-y  sliplil  aciclitional  sti'ain. 
I'nloaclinp'  and  reloading  apain  produced  onl\  a .small  additional  sti-ain. 
Siiiiilai-  behavior  was  obsei'\ed  for  unloading'  and  reloading-  in  the  vicinit\- 
ol  1 percent  closure'.  .'\lso  shown  on  this  jilot  ai’e  the  monotonic  loading; 
test  results.  Ttie  loadinp'  i)ai’t  of  the  c>clic  loadinp-  I'e.sult.s  is  vei'',- 
close  it)  tliat  of  t lie  monotonic  loading:  j'esults.  tVe  apain  conclude  that 
the  linal  dcloi’iiiation  of  the  tunnel  was  not  seriousU  affected  by  re- 
pealed unloading  and  reloading;  and  that  the  tunnel  closure  system 
"shakes  down". 


7. 


DINING  CAR  STRUCTURES  EXPERIMENT 


In  this  chapter,  wo  summarize  the  planning  and  fielding  of  larger 
scale  structures  as  an  add-on  to  the  Dining  Car  event  at  the  Nevada 
Test  Site  (NTS).  Planning  and  fielding  were  done  on  the  present  contract. 
Posttest  recovery  and  interpretation  wore  performed  on  Contract 
DNA001-75-C-02 15 . A detailed  discussion  of  this  experiment  is  given  in 
Dining  Car  POR  6887. 

Dining  Car  provides  a relatively  low  cost  opportunity  for  a 
sti'uctures  experiment  add-on  because  it  has  two  ci’osscut  tunnels  between 
the  main  1 ine-of-sight  (LOS)  pipe  and  the  access  tunnel  at  ranges  having 
pi-essures  of  about  0.6  and  0.9  kbar  (60  and  90  MPa)  (Figure  7-1).  The 
width  of  the  crosscut  tunnels  is  about  5 foot  (1.52  m)  and  the  total 
length  available  for  add-on  models  is  about  100  foot  (50.5  m) . Thus, 
reasonably  large  models  at  pressure  levels  of  interest  can  bo  fielded 
with  virtually  no  additional  tunneling  cost. 

7.1  Structures  anri  Objectives 

The  tiative  rock  lliat  surrounds  tliose  crosscut  tunnels  is  NTS  tuff, 
ostimaterl  to  have  an  unconfined  comprcssiv'c  strength  of  1000-2000  psi 
(6.89-15.88  MPa)  anti  a friction  angle  of  about  5 degrees  (0.087  rad), 
llecause  it  is  so  weak,  and  more  important,  has  a low  friction  angle, 
tuff  has  undesirable  strength  properties  for  deep  basing.  (However,  it 
has  the  tiesirable  property  of  high  porosity  and  hence  high  shock  attenuating 
ability.)  To  stutly  response  in  higher  strength  rock,  more  represent  at  i ve 
of  rock  to  tie  I Ound  at  some  potential  deep  base  sites,  the  approacli  in  the 
SRI  add-on  experiment  was  to  field  structure  models  in  a rock  simulant. 

The  rock  simulant  61!  has  boon  selectcfl  to  be  only  of  intermediate  strength 
unconfined  comiiressive  strength  about  1500  psi  (29. (>  MPa)'  so  that 
fiematuling  te.sts  can  lie  mafic  on  tunnel  rlesigns  at  the  availalilc  0.6  and 


FIGURE  7-1  EXPERIMENTAL  LAYOUT  IN  DINING  CAR  CROSSCUTS 
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( (iO  and  ;)()  Ml’a)  lovols  predicted  at  the  structui-e  locations, 
unlike  that  ol  tut  I , the  I riction  angle  is  dd  degrees  (O.dVd 
the  crucial  strengthening  interaction  between  tunnel  pressure 
resp<ins('  with  high  Iriction  can  ho  investigated. 


rad ) 


The  rock  simulant  tor  eac-h  tunnel  struct  ui'c  is  d (eel  in  diameter 
and  d Icel  long  (I'igurt'  7-d).  Tunnels  are  (>  inches  (15.2  cm)  in  diameter, 
running  the  lull  d-tool  (0.!U  I m)  length  ol  the  rock  simulant  so  that 
both  rock  s [u-e  i men- t o- 1 untie  1 diameti'r  and  tuniu'l  1 engl  h- 1 o-d  i time  t er  rtitio 
tire  et|util  to  (i , large  enough  to  make  boundar.\-  cll'ects  small,  .\s  a direct 
tie-in  to  Itiboralorv  It'sts  on  smaller  .scale  structures  ,5  8-inch  ( 1 , 5!I  cm)- 
diameter  tunnels'^,  each  (>-inch  (15.2  cm)-diameter  tunnel  has  a corresponding 
5 S-iiudi  ( 1 . 5;>  cm)  diameter  tunnel  tilso  lii'lded.  The  smaller  scale' 
specimens  consist  ol  l-itich  (10.2  cm)-diameler  by  1-inch  (10.2  ciii)-long 
rock  simulant  cyliiuU'rs. 

Six  diirerenl  siruclures  plus  their  small-scale  count erpa rl s were 
tii'lded  in  each  ol  I lu'  I'l'ossi'uts.  The  I'irst  structure  is  an  unliiu'd 
lunnel.  N'l'xl  arc  three  tunnels  wilh  d i rei’ I -con  I ac  1 steel  liners  ol' 

dirroreni  rad  i us- t o- I h i c kness  ralios  (a  h 12.5,  25,  501.  I-' i iiti  I 1 >■  , two 

striutuves  wilh  backpacking  (U  11  1.5)  as  well  as  lunnel  liners  (a  h 12.5 

and  2.5)  were  I ielded  to  investigate  the  I'ltect  ol  backpacking  in  prc\('iil  i ng 

tunnel  e'losure.  i summary  ol  the  structures  lii'lded  tuul  I he  i objectives 
is  given  in  Ttible  7-1.  Dimensions  ol  the  sti-uctures  tire  given  in  Ttible  7-2. 
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Tabic  7-1 

DINING  CAl!  ADD-ON  STllUCTUHES 

Identical  sets  in  crosscuts  1 and  2 to  examine  response 
at  two  loadiiiK  levels. 


Strvictvircs 

Oli  jec t ive 

1 In lined  tunnel 

Basel  iiK'  rock  specimen  and 

lunni'l  resjionse--modera  te  to 

severe  closure  expected 

3 ea.  Lined  in  direct  contact. 

K til'd  ol  internal  pressure 

with  a/h  = .30,  2.'),  12.3 

f) . = - !i  /a . 

steel  1 i tiers  . 

i N / 

Bracket  a li  tor  monocoipie 

tunnel  Inicklinp'  (it  it  occurs 

2 ea.  Liners  with  bacUpackiuf; 

Kited  0 1'  liackpai'k  itijA  liy 

witli  a/h  = .30  and  2.3  steel 

comparison  with  direct  cotitad 

1 inoi’s . 

1 iners 

fi  ea.  Small-scale  counterparts 

Inexpensii'c  tie-in  to  above- 

ot  above  0 tunnels  al 

ttround  tests  with  smaller- 

.3/8 -inch  size 

scale  models 

* 

Total  number  ot  s I I'uc  t vi  les  = fi  larp;e  (6-i  ncli-d  i amet  er  tunnels)  and 
()  small  (5/8-inch-diamotcr  tunnels)  at  each  cros.sciit  . 
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Tabic  7-2 


DnKNSlONS  Of  bINT.KS 


6-inch-diamctci'  St  laic  t lire's 


Structure 

Steel 

Linei' 

m 

Hock  Cavity 
IJiamelcr 
( in.  ) 

I.  I), 
(in.  ) 

tVa  1 1 
(in.  I 

[.  I). 

(lo.) 

Wa  1 1 
(in. 

Vnlincd  tunnel 

-- 

__ 

G.  00 

font  act  liner 

.■).  S7 

0.  0G2 

-- 

-- 

G.  00 

Contact  liner 

0.  on 

0.  125 

— 

-- 

G.  25 

Contact  liner 

G . on 

0.250 

-- 

-- 

G.  50 

liackpackeil  1 incr 

6 . 00 

0,  125 

(i . 2 .5 

1 . no 

S.25 

Backpacked  liner 

fi . 00 

0,250 

0.  50 

1 . 00 

S.  50 

5 incli-d  iamet  cr  Striicturcs 


S 1 rue  t lire 

St  eel 

Liner 

Backpack  inn 

Rock  t'avit\- 

I.  I), 
(in.) 

Wa  1 1 
( in.  't 

I.  1). 
( in.  ) 

Wall 

(in.) 

Dianii' t er 
(in.  ) 

I n 1 iticd  t imiu'  1 

— 

0.  G25 

Cent  ac 1 1 iner 

0.  G25 

0.  OOG 

-- 

0.  GB7 

Cont  ,ic  1 1 iiR'r 

0.  G25 

0. 0125 

— 

-- 

0.  G50 

Cent  ac 1 1 iner 

0.  G25 

0.  025 

-- 

-- 

0.  G7  5 

Backpacked  linei' 

0.  G25 

0. 0125 

0.  G50 

0.  1 12 

0.  .S75 

Backpacked  liner 

0.  G25 

0.  025 

0.  G75 

0.  loo 

0.  S75 
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8. 


xmCORKT ICAL  ANALVS I S 


Ii\  this  chapter,  wo  tiiscviss  the  theoretical  ellort  that  supported 
t lie  planning;  and  interpretation  of  our  experiments.  This  ellort  is 
based  primarily  on  the  use  oi  an  analvsis  described  in  1^  ior  elastic- 
plastic  response  ol  a cylintlrical  cavit\'  in  an  inlinite  bodv  subjected 
to  axisymmel r ic  loading.  The  solid  is  assumed  to  follow  the  Mohi-- 
Coulomb  yield  criterion  and  its  associated  1 low  rule.  A summarv  ol  this 
analysis  is  ftiven  in  Appendix  A. 

This  chapter  includes  a discussion  ol  the  ellect  ol  dilatancy, 
the  pi’edicted  closures  ol  t hc'  structures  in  the  Dining:  Car  experiment, 
a desir:n  aiiproacli  lor  \ielcliip;  structures,  and  a discussion  of  the 
ellect  ol  a liner  on  the  Iracture  iiattern  around  a cavit\. 

8.1  K 1 fee t ol  Dilatanev 

The  theoretical  prediction  ol  the  delormations  in  the  Dininy;  Car 
e.xperinient  is  based  on  an  e las t ic-ii las t ic  analvsis  usin^t  the  Mohr- 
Coulomb  yield  criterion.  i;m])lo\  in;;  the  I 1 ow  ru  U'  associated  with  this 
criterion  to  compute  the  d isitlacement s results  in  a volume  exiiansion  ol 
the  > ielded  material  durin;;'  [ilast  ic  llow.  This  bi'havior  is  called 
dilatancy.  Dilatancy  is  observed  to  occur  in  rock,  Init  not  necessarily 
to  the  extent  iiredicted  by  the  simple  Molir-Cou lomi)  \ield  and  llow  rule. 
To  examine  the  other  extreme,  dilatancy  can  be  eliminated  in  the  theory 
b\  usini:  a nonassoc iat ed  llow  rule;  i,e..  by  assuming  that  the  plastic 
material  is  incompressible. 

'Iherc  is  no  theoretical  basis  for  this  assumption,  but  it  does  );i\e 
an  extreme. 


I'igiiro  8-1  compares  the  l licory  witli  and  without  dilatancy,  and  with 

llie  laboratory  experiments  discussed  in  Section  5.1.  The  dark  triangles 

are  data  points  trom  the  a/h  - 25  direct  contact  liner,  and  tlie  hollow 

squai'cs  are  from  the  a/h  = 12.5  direct  contact  liner.  Since  the  thinner 

liner  buckled  slightly  (liner  buckling  is  not  considered  in  the  analysis), 

the  a/h  = 12.5  liner  results  i)i'ovide  a more  reliable  comparison  with 

the  theorv.  U'e  see  that  lor  both  liners  the  theoretical  pi'odictions 

underestimate  the  amount  of  tunnel  closure.  However,  the  theor\-  that 

includes  dilatanc\-  is  cons  ideraljl  y closei’  to  the  experiment  than  the 

theoi'v  without  dilatanc\.  For  example,  at  P = 2 1.000  psi  f 105  MPa). 

o 

the  experimental  closure  of  the'  a,'h  = 12,5  liner  is  1.9  perce'iit;  the 
t heoi-y  with  dilatancs'  preilicts  1.2  pt'rce'nl:  and  the  theory  without 
dilatancy  predicts  2.8  percent.  The  difference  between  experiment  and 
theory  without  dilatancy  is  thi-ee  times  as  large  as  the  difference  with 
dilatancy.  llowevt'r.  Itefore  one  Iheoi'y  can  be'  chosen  as  Ije'tter  than  the' 
other,  more  extensive  cc'mparisons  shoitld  be  made  to  determine  t lie  ex- 
tent to  which  the  differences  are  caused  ti\-  other  errors  (e.g.,  in 
material  parame'ters  such  as  K and  ' . Ne'\'er  t he' less . in  all  the  anal\scs 
that  follow,  the  theory  with  dilatancy  is  used. 

8.2  Dining  Car  Predictions 

8.2.1  .Stress  .Vmpl  i f ica  t ion  in  the  Dining  Car  Kxpe'rimcnt 

The  SRI  structures  tested  in  the  Dining  Car  experiment  consist- 
ed of  :S-foot  (0.911  nt)-diameter  cylinders  of  01!  rock  simulant  with 
0-inch  (o.  152  m'l-diameter  tunnels  running  through  the  center  along  t lie 
axis  of  the  rock  cslinder.  The'se  rock  mode'ls  were'  placed  in  the'  DAC 
crosscuts  and  theui  t lu'  volume'  betwe'cn  the'  01!  rock  and  the  crosscut  wall 
was  1 i 1 led  with  a Husky  .Ace  rock-ma I ch i ng  grout  (ll.ARM  gi'out'.  liecause' 
the  01!  rock  is  stiller  and  stronger  than  the  tull  .iiid  ll.AICM  grout  that 
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FUNCTION  OF  FRt.t  FItLD  PRESSURl 


.surround  it.  a tree  tielil  pres  ’e  P in  the  lul  l will  eause  an  aiiipl  i- 

o 

lied  pressure  1’^  at  1 he  interlaec  between  Ihe  (115  rock  and  the  prout  . 

The  amount  ol  amp  1 i t ieal  ton  will  depeiui  oi\  the  relative  pro))ert  ies  ol 
the  (515  rock,  the  tull.  ami  the  H.\UM  prout. 

To  estimate  this  ampl  i I iea  t ion . an  l.is  t i <.'-plas  t ii'  analysis  was 

IJerlormed  t>n  a model  consist  inp'  ol  a c\linder  ol  (515  rock  surrounded  Ity 

■in  inlinile  body  ol  tull  stdt.jeclt'd  to  a tree  Held  pressure  P . as 

o 

sliown  in  Fipure  8-2(a).  (i’hc'  ILAKM  pfout  between  Ihe  (515  rock  and  the 

tull  was  assumed  to  be  identical  to  tull  to  simplilv  the  analysis.' 

Both  materials  were  assumed  to  lollow  the  Mohr-Coulomb  yic'ld  criterion, 

so  that  the  (515  rock  had  a plastic  repion  extcuidinp  to  1!  . and  the  tulT 

K 

had  .1  plastic  repion  e.xtendinp  to  as  Fipure  8-2(b')  shows.  Fach 

material  was  treated  separ;itel\,  with  the  interlace  pressure  P^  beinp 

unkiK'wi;.  P was  lound  b\  an  iterative  procialure  in  which  P was  ad- 
I I 

justt'd  by  repula  l.ilsi  until  t lu'  (515  rock  and  lull  ti  1 splacement  s wc-re 
c(|ual  at  the  interlace. 

Fiy.aire  S-B  shows  a plot  ol  P \ers\is  P lot  a wc'ak  and  a slronp 

1 o 

tull.  These  slrentrlh  \alues  ol  lull  '^lo'  represent  lower  and 

upper  bounds  lor  tull  in  the  vicinilN  ol  the  Dininp  t’ar  tunnels  at  NTS. 

Curves  are  drawn  lor  \alues  ol  Poisson's  ratio  U = 0.23.  0.3.'5.  and  0.  l.t. 

The  amount  ol  ami)  1 i 1 iia  t i on  decreases  appreciabls  with  increasinp  tull 

streiipth  or  incrc’asinp  Poisson's  ratio.  Reasonable  \alues  ol  Poisson's 

ratio  would  probabls  l>e  lietween  V = 0.2,'5.  and  0..'55.  Thus,  at  P etpial 

o 

to  1.1)  kl).ir  ( 11.500  psi  or  100  MPa',  P^  would  eciiitil  11.000  psi  ( 102  MPa') 
lor  stroll”  tull  with  V = 0.35  and  18.  100  psi  (l27  MPa''  lor  weak  tull 
with  U - 0.25.  TIu'  tinipl  i I ica  t i on  tails  between  about  2.8  percent  ami 
27  percent,  with  15  percent  In'inp  an  averape  value. 


8.2.2 


Piodictcd  Closure  ai’  Structures 


The  elastic-plastic  analysis  was  used  to  compul e the  ijredicted 

closure  of  the  Dining  Cai'  structures,  and  these  results  wore  compared 

with  the  experiments  descrilied  in  Section  5.1.  The  analy.sis  was 

completed  and  reportetl  in  Progress  hotter  No.  2 (March,  1975)  before 

the  experiments  wore  performed.  The  I'esult  is  repeated  here  in 

Figure  8-1,  which  gives  a plot  of  closure  f.1)  T)  versus  external  pressure 

P foi'  various  internal  pressui'os  P . A value  P = 0 corresponds  to 
o i i 

an  unlinod  tunnel,  P = 823  psi  (5.71  .MPa)  cori-osponds  to  a liner  with 

i 

a/h  = 50,  r = 16(57  psi  (11.5  MPa)  corresiionds  to  a liner  wiili  a/h  = 25, 

1 

and  P = 3333  psi  (23.0  MPa)  corresponds  to  a liner  with  ah  = 12.5. 
i 

The  experimental  results  ai'e  plotted  for  the  a/h  = 50  liner  (the  dark 

circles),  for  the  a/h  = 25  liner  ( t lie  dnj-k  triangles),  and  for  the 

a/h  = 12.5  liner  (the  dark  squares).  For  the  a/h  25  liner  and  the 

a^h  = 12.5  liner,  the  agreement  between  theoi-y  ..nd  experiment  is 

surprisingly  good.  For  the  a/h  = 50  liner,  the  theory  underest inat os 

the  amount  of  closure.  This  is  attributed  to  liner  buckling,  which 

caused  the  internal  pressure  applied  to  the  cavity  wall  to  be  significantly 

loss  than  the  simple  hoop  yield  value  used  in  the  calculations.  in 

fact, the  a/h  = 50  data  points  lie  very  close  to  the  theoretical  curve 

for  P =0. 
i 
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S.3  Design  Approach  i'or  Vieldin;^  Structures 
S.3.1  Desipn  CA)ncopt 

The  haste  ilesipn  ca)iicepl  oi  any  \ ieldint^  striicliire  in  rock  is 
illustrated  in  l’iy:ure  >S-5.  All  (luantilies  are  drawn  to  proper  relative 
scale  lor  the  example  ol  a structure  desiKi'ed  and  lidded  at  a 0.  5-kl)ar 
( 50  MPa'  level  in  nomiital  lull.  For  simplicity  tliroupliout  t lie  analysis, 
the  load  and  response  arc  idealized  as  synuiietric  around  the'  cylindrical 
ca\it V. 

'Ihe  conci'iU  consists  ol  allowing  the  rock  ca\itv  to  close  a 

small  but  linile  amount,  so  that  the  rock  yields  throup;hout  a plastic 

zone  in  the  rock,  as  shown.  In  t lie  theor\.  vieldinu'  is  taken  to  occur 

according:  to  the  Mohr-t'ou  lomb  I'rtterion.  eharac  t er  ized  b\  an  unconltned 

compi'cs.s  i ve  atrcnulh  ^ ami  Ji'iclion  aiifjle  • . As  more  sieldinp:  is  allowed 

u 

the  cavil\-  radius  becomes  smaller  and  the  plastic  radius  (larp;e  dashed 

circle)  becomes  lar;;cr.  The  larger  iiiast  ic  radius  imiilies  a lai'i^er  load 

P with  no  increase  in  ca\itv  iiressure  P . Thus,  lull  adxantaae  is 
o i 

taken  ol  the  rock  sti'cnyth  so  that  a larjic  load  P can  be  sustained  bv 

o 

a much  smaller  linei-  restrainiim  pressure  P . In  the  example,  the 

i 

0.5  kbar  '7.25  ksi  or  50  MPa  [iressure  P is  sustained  bv  a liner  pres- 

o 

sure  ol  on)\  P =2  ksi  b\  allowiiifi  the  ca\  it\  to  close  AH  R = 5 iiercent  . 
i 

The  increase  in  P with  increasing  plastic  radius  is  easilv 
o 

visualized.  Throufihoul  the  plastic  zone,  and  in  iiarticular  at  the 

plastii'  radius,  the  radial  stress  ’ and  tangential  stress  ■ are  re- 

r fi 

lated  bv  the  Mob  r-C’ou  1 omb  vield  condition  ^ - X • = ~ . when' 

r u 

N = (l  + sin  /(l  - sin  ',  ) . .Also,  we  know  that  lar  I rom  the  ca\ity 

Ihe  stress  lield  is  homogeneous.  = ■ = P , so  that  - X'  < ■ 

r o r u 

and  no  \ieldina  occurs.  As  the  cavit\  is  approached,  in  tin  elastic 
zone  decreases,  because  at  Ihe  cavitv  boundarv  • = P •'  P . while 


YIELDING  STRUCTURE  CfJNClRT 


and  I lu'  vii'ld  noiul  i 1 inn  is  simiilv  l hn  ii'i’sia  rnndil  inn  ' - - = 

!■  u 

lluiH.  t li  l•nnf;hnu  1 1 lin  i)lastin  znnn,  and  al  I lu’  l)nundai'\.  I lu'  lanfiniilial 


sli-t'ss  i-nmains  at  a lixnd  value'  ■ hin'ln'r  than  I hn  i-adial  stress  ri'- 

II 

^^ardlnss  nl  t lu'  applied  Inad  1’  (sn  Innp  as  it  is  liiph  ennuph  In  nausi' 


\ in  Id  i 11;;  . liei-aiise 


r 


de'crnases  as  niu'  uin\i's  tn  larper  rad  i i in 


tile  elastii'  zniic.  one  lan  now  visual  i;-e  tlial  an  inemase  in  P . hnl  h 


. and  their  dillereiiee  inerease'  is  avnnmmnvla  t ed  liv  the  plastu 


linundarv  sini|tl\  iiinv  i ns  nut  tn  a lariinr  radius.  In  t lie  ninre  pv'iier.il 
ease,  with  Iric'tinii.  the  inerea.sed  In.iil  i .s'  even  iimre  na.silv  anenimiinda  1 1'll 


line' .wise  I hen  N 1 .i  nd  I he  .i  1 1 nw.i  h 1 e s 1 I'e.ss  il  i 1 1 1 ■ ri'iie  l'  - * .it  v i < 1 d 

u 

.ilsn  iiieri'.ises  as  P inere.i.si's. 


S . ;i  . 2 


I'esipn  t'h.irt  Inr  ^leldinr  t rue  l u ri's 


Frniu  1 lie  Ini'esniiU;  diseussinn  wc  see  t h.i  I the  three  li.isie 

desipn  p.i  r.uiie  I ers  Inr  a vieldiiu;  strueture  .ire  the  Inavlinr,  i>ressure 

I’  • I I'e  structure  resistiiu;  pressure  P . and  the  e.iv  i t \ elnsure  |;. 

1 

i'nr  innre  seiR'i'.il  .isvminetrie  In.idiii;;.  tlu'se  .ire  .ill  lunctinns  nl  .iiu  h 
.irniind  the  s t rue  l ti  re' . The  re’lat  iniiships  .ii'.inil;;  P . P . .ind  li  .iri' 


e'nnve'iiii'iit  Iv  ilisplave'd  nil  .1  di'sir,n  eh.irl  nl  P versus  e .i\  i t v e lnsure' 

i 


with  Inadinp  [)i'('ssuri'  P .is  a p.i  r.iiiie  I e' r . I i;;ure'  .s-ii  rive's  .in  ex.impli' 

n 

I'hart  Inr  (ili  rni'k  siiiiiil.ini  (a  iiinelt' r.t  I e 1 v stl'nllr,  rne'U.'  ( ■nmt'e  I e ■ n t 

inlael  rne'l.s  li.ivi'  s I rt'iir.  I lis  I'niis  i dc ' r.i  h 1 v liipher  l li.in  tin  une-nn  I i lU'd 
e-niiipri'SS  1 ve  slri'iiplh  nl  Klnn  ps  1 ;>1.7  MP.i  nl  this  mile  suiiul.iitl. 

hut  1 l.iw's  siu'li  as  inints  ,ind  l.iulls  .ire  I'xpi'eti'd  tn  I'l'ilue'e'  llii'ir 
e I I I'l'  I i ve  ,s  I I'l ' np:  I li.s  In  I li  i .s  1 nvve  r r.i  it;;i ' . 
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Points  alonn  eat-li  of  Iho  cons  I an  t - load  curves  rcprcscMit  dcs  inn 

options  lor  the  ^iven  load.  For  example,  t hi'co  options  A ^ . B^.  and  C ^ 

are  indicateil  on  the  P = 1.0  kljar  loail  curve.  Tliese  t lii'ce  points 

o 

demonstrate  the  f^i-eat  reduction  in  rc(|Uircd  stiaicltiro  ])ressure  I’  (line)- 

i 

strensi'tli'  that  can  he  achieted  when  moilest  amounts  ol  ca\itv  cKisure 

arc  allowed  Cor.  Point  A^  sluiws  that  the  structure  must  ha\e  a strength 

ol  P = 500(1  ps  i (31.5  MPa  ^ to  keep  ^D'Das  small  as  1 pi-rci'nl  . Wlien 
i 

a closure  AD  D = 2.1  percent  is  allowed,  t lie  reciuircd  stren”:lli  drops  to 

P = 2000  ps i (l3.S  MPa'  'point  15  '.  At  point  V , AO  0 = 3.S  percent 
i 'll 

and  P = 1000  ps  i ((i.SO  MPa'.  In  lad.  at  the  P = 1.0  khar  load,  the 
1 o 

liner  structure  in  theors  could  be  reiiuuc'd  .i  1 1 oi;el  lu'r  and  the  closure 

would  increase  onlv  to  S percent  in  tiiis  relativel\-  st  roiifi:  roik. 

However,  at  P = 1.5  khar  (l50  MPa)  an  unlined  tunnel  would  close  mori' 
o 

I hall  20  percent. 

It  is  cU'ar  that  selection  ol  a dt'sian  o]il  ion  consists  ol 
(■real  iiif^  an  aiijiropr  i a 1 e h.ilance  between  slruclure  slreii.eih  and  load 
transler  to  the  native  rock  streir.;th.  It  not  i-noufili  cavity  closure  is 
allowi-d.  then  \er\  little  ol  ilU'  rock  strenpth  capabilitv  is  used  .tnd 

the  struilure  must  be  inordinatelv  strong  (points  near  A^  . On  the 

ollu'i-  luind.  il  the  strucluri'  is  mack'  too  weak,  then  cav  i t v closure  becomes 
un.iccep t .1  b 1 \ lai'ae  .md  tliere  is  no  margin  .iKainst  hipher  loads  (points 
near  (' ^ . Designs  ne.ir  point  15^  .ire  bal.inced  designs  lor  a 1.0-kb.ir  load. 

points  15  . 15  . 15  . ,ind  15  show  the  resiioiisc  ol  the  15 

(1.5  1 1.5  2 1 

desipn  .it  lower  and  hiaher  loadings.  The  desipn  is  reasonabj\  consi-r- 
valiw  in  1 h.i  I .it  1.5  kb.ir  ( 150  MPa)  the  closure'  is  (5  pe'i'cent  . whiih 
would  be  .icceplable  il  the  rest  ol  the  structui'i'  is  designed  aeaord  i up  1\ . 
At  2.0  kb.ir  the  closure  is  12  pereeiit  .ind  would  prob.ibl\  t r i ;;'ai.r  niori.' 
serious  d.im.iue  modes  not  considered  here,  such  .is  bui-kliiii;  or  l.iiluii' 
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o I 1 n t er 1 or  moun 1 i nps . 


In  I he  lol  lowing;  ijai'afirajjlis  we  will  lollow  throuuh  this  desifiii 
se  left  ion  proeess  lor  the  siJeeil'ic  example  ol  the  huill-uj)  s I ini' t u i-e . 
First,  we  will  desei’ibe  nencral  yieldiiiff  structiii’e  eoneepts  and  I lie 
siieeiiic  aiiiiroach  ol  the  built -up  desip;n  and  how  it  eompleinenls  other 
desipns  in  a total  research  iiro^ram.  Then  we  will  show  various  options 
in  modei’atelx  stroiifi  rock,  where  superhard  structures  ai-e  most  laxorablc 
and  linallv  liow  the  desiitns  can  be  testeii  in  the  weaki'r  tut!  rock  at  NTS 


8.  1 Built-l'p  Structure  C'onceiit  and  Desiitn  Ojit  ions 
8.  1.1  General  Vieldini;  Structure  Designs 


.Vceoiimioda t ion  ol  a lined-tunnel  structure  to  ca\  it\-  closure 
can  lie  accomplished  liy  two  basic  methods.  Fither  t iu'  liner  itsell  can 
be  dc'sii;iu>d  to  liillow  the  larr;e  plastic  hoop  strains  ol  sexeral  percent 
closure,  or  a crushable  backpack  i nti  material  can  be-  jilaced  bc'tween  the' 
liner  and  the  cavity  opening  to  isolate  the  liner.  All  the  superhard 
vieldine  structure  designs  use  c’ it  her  or  both  ol  these'  methods  in 
\arious  combinat ions. 


The'  composite'  inteeral  liner  is  a promisiiift  conce'jit  that 
accoimuod.i t e's  closure'  liy  direct  liner  hoop  strain.  This  concept  has  the 
.ulditional  lealure  ol  be' i ny  made  up  ol  a composite  ol  an  interior  steel 
liner  in  dire'ct  cont.ict  with  an  extc’rior  reinlorci'd  ce'iierete  lave'r. 
Durine  closure,  the'  inlc'i'ioi'  s I e-i' 1 liner  yields  .ind  pro\ide's  compression 
ayaiinsl  the  concrete,  therein  inc  re'as  in>;  the-  concrete  stren^tth  b\  eii'tue- 
ol  the  hi(,di  internal  Iriction  tspie.tl  ol  e-onei-ele  ma  t t'r  i a 1 . The  steel 
■ind  cenicrete  both  lollow  the'  sexeral  perec'iit  closuri'  ol  the  caxitv 
Ihroujih  larre  ijl.istie'  I 1 ow  in  the'  hoop  direction.  lle'siK''  problems  art' 
to  pre'vetil  tin  re' l.i  t i\e  1\  thin  stee'l  shell  I rom  buckliiin  duriiiL;  pl.istte- 
I low.  and  to  prevent  the  conerelt'  1 rom  crackinK  at  Kiree-  hoop  strains. 
Anollnf  itrobliin  is  mount  itp;  ol  contents  within  th<'  structure  .ilso  to 


1 .").■) 


acc-oimnuclatc’  to  the  diamotcr  c-lian^te  ol  cavity  cloHurc.  This  problcnn  is 
iacod  in  submar  iites , ion  example.  I)ut  in  sidmiarines  t lie  hull  .strains 
are  within  tlie  clastic  limit  so  that  diameter  chanr,es  arc  only  a lew 
tenths  ol'  a percent. 

Ne\’ei't  lieless , the  com|)osito  inlcu'i'a!  liner  is  a promising 
eoncept  because  it  uses  ine.xpensive  construction  materials  in  an  eJ'licient 
way.  The  concept  can  be  extended  to  cavity  closures  be\'ond  the  allowalile 
hoop  strain  limit  l)\  usinp'  it  in  conjunction  with  a ljack))ack  inp:  laver. 

-■\nother  concept  that  aecommodates  ilirectly  to  the  cavitv 
closure  is  the  compliant  liner.  In  this  concept  the  continuous  construc- 
tion ol  the  corai)osilo  intO!.;ral  structvire  is  replaced  by  Irom  1 to  S 
c ircumlercnt  ia  1 segments  with  compliant  piston-tv|ie  connections  lietween 
settments  that  accommodate  the  hoop  displacements.  'Ibis  concept  circum- 
vents pi'oblems  ol  pl.is  t ic- 1 low  buckliiu!;  ol  the  interior  stc‘cl  linc'r. 
However,  t lie  comi>liant  mecli.inism  ma\  bind  uji.  p.i  r t ieu  1 a r 1 \ .it  connections 
with  ad.jaeent  sections  or  at  luid  closures.  Also,  the  amount  ol  radial 
pressure  that  the  lomiiliant  shell  can  transmit  to  the  su  i' round  int;  mc-dium 
is  limited  l)\  the  crushing;  slrennth  ol  the  materi.al  in  the  jiislon.  For 
examjile,  in  a (i-inch  I'lfi.'d  cm''-1hick  compliant  1 iiuu-  with  (i-inch  (l,"i.2  cm) 
thick  pistons  I tiled  with  loot)  ji.si  (ib.St)  MPa'  ci'llular  concrete,  the 
lump  thrust  is  on  1 \ 1'  = boon  lb  in.  ( 1 . 0.'i  \ It)  .V  in  ol  a.xial  lenplh 
compared  with  about  90.000  lb  in.  (l.T.S  x 10  N’/m'  lor  a (i-ineh  (l.'i.'i  cm) 

thick  comiio.site  inli  p;ral  liner.  l or  a .T-lt  ( 1 . .'>2  m)  interl.n'e  diameter 

these  translate  to  liner-medium  inivr lace  pressures  ol  p = 90. 000 '30  = 

1 

3000  psi  (20.7  ,MI>a)  lor  the  composite  integral  liner  and  only  200  psi 
tor  the  compliant  liner. 

The  built-up  structure  is  proiiosi-d  here  as  an  allernati\e 
concept  to  c i rcunivcui  t iiossible  buckling  oi  the  interior  sti'cl  liiu'r. 
while  at  the  same  lime  f;reatl\  reducinK  t hi'  diameter  change  to  which 
the  mounting  ol  the  structure  contents  must  accommodate. 

I .TO 


S.  1.2 


Buill-l'p  Slructiu'c  Dc'sifi'n 


The  built-up  struclui-e  stands  at  the  other  extreme  in  tlic 
spectrum  o 1 yielding'  sti'ueture  designs.  In  this  design  all  the  plastic 
delormation  associated  with  cavity  closure  is  taken  up  in  the  crusliablc 
backpackinM:  laver  so  that  the  ititcrior  steel  liner  remains  elastic. 

Because  the  elastic  modulus  ol  steel  is  at  leas  i two  orders  oi  maf;niltidc 
hi^;her  than  t lie  plastic  modulus,  bucklin';'  then  can  be  prevented  bv  a 
modest  number  of  rina:  stiffeners.  The  desian  has  the  added  advantage  tliat. 
wlien  fabricalina:  a full-scale  structure,  arc  elements  oi  the  steel  liner 
can  be  pre  1 abr  icated  aiul  then  'built  up"  in  place.  Backp.uk  i nat  material 
is  then  simplt  pumped  into  place  around  the  liner. 

A schematic  il  iaaram  of  the  built-up  structui'c  .md  its  elements 

is  ui\en  in  Fiaiire  8-7.  The  resist  ina  pressure  P .laiainst  the  rock 

i 

cavity  is  simplv  the  crusliiny  stress  of  tlie  b.ickpack ina'  nuttcrial.  If 

the  small  hoop  thrust  tilso  created  in  tie  bacl.pack  i na  l.iyei-  is  ncalected  , 

this  pressure  P must  be  sustained  bv  the  interior  steel  liner  To 
i 

ensure  tliat  the  liner  remains  eUistic.  we  keep  the  cor  resiiond  ina  lioop 
stress  in  the  1 iner  vtithin  the  workina  stress  ol  the  steel.  Piaure  8-8 
is  a lonaitudin.il  section  throuah  a ttpical  built-up  structure  desian. 

8.  1,2  Buiil-lit  DesifPt  Of)!  ions  lor  Moderatelv  Strong  Rock 

Ttitical  backpackina  and  steel  liner  t h it kness-t o-rad ius  ratios 

lor  desians  in  the  ranae  discussed  earlier  are  aift  n in  Fiaure  8-f>. 

I'his  1 iaure  is  simply  Fiatire  8-B  with  these  (|uantities  .idded  .is  tariablt's 

at  the  t oji  and  riahl-h.ind  sidt'S.  Back]>.ick  ina  t h ickness-t  o-iad  ius  ratios 

were  calcul.tled  under  I he  reasonable  assumption  that  inexpensive'  materials 

c.in  be  develop'd  th.it  will  crush  2d  percent  of  tlu  ir  orian'.il  thickness 

' - 0.2  . T'hi'  backitackina  t h ickness -t  o-r.ul  ius  ratio  is  related  to 

bp 

cavity  closure  bv  HR  (1  £ l.^iR  R.  >V  i t h e ■=  the*  II  R \ allies  are 

bp  bp 

1.T7 
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tlien  5 times  t lie  cavity  closures  n'iven  on  the  bottom  coordinate.  Liner 

t hickness-t o-i'atl itis  ratios  are  related  to  P bv  II '*R  = P ■ . with  the 

i i w 

workinii:  stress  oi  the  steel  taken  as  10,000  ttsi  ( 276  MPa'.  All 
w 

these  numbers  will  chann'o  sliuhtly  when  actual  material  proiiei't  ies  are 
used,  but  these'  round  ntiinbcrs  arc  realistic  \alties. 

We  see  from  points  .A,  li,  C,  1)  in  the  ( igure  that,  with  a backjiacking 

crtishing  stress  oi  2000  [tsi  (l3.8  Ml’a  ' . load  pi'cssurcs  P up  to  about 

o 

1.5  kbar  ( 150  MPa'  can  be  sustained.  These  are  in  the  range  of  interest 

for  superhard  structures.  Near  P =1.5  kbar  (150  MPa).  AV/V  = 1 - 
2 

(l  - 0.  l)  = 0.19.  These  are  reasonable-  valties  and  can  be  reduced 
if  ilesired  b\  using  criishable  materials  with  a largc-r  crtishing  strain. 
.Alumintim  honeycomb,  tor  example,  will  crush  70  percent  of  its  original 
thickness.  With  this  material,  the  ;tbo\c  voltime  fractions  wotild  lie 
reduced  to  0.1!  at  1.5  kliar  ( 150  MPa)  and  0.06  at  1.0  kbar  ( 1 00  MPa). 

This  material  is  very  expensive,  of  course.  ii\U  . svhen  considered  to- 
gether with  cxcavat  ion  and  t ransport a t ion  costs,  exotic  materials  of 
this  type  ari’  worth  exitloring  lor  trtil\  supt-rhard.  re-liable  structures. 

fhe’  st(-('l  1 iiu-r  at  P = 200(t  psi  (l.'i.H  MPa'  has  a thickness- 
i 

to-radius  ratio  ol  0.05.  .At  a I-lt  (l.22  m diameti-r  its  thickness  is 

therefore  1.2  inclie's  (3. ('5  cm',  .iboitt  twice  that  ol  a comparable  liner 

in  a composite-  inte^gral  desigtt  lor  the-  same-  load  P . The-  incre-asi'd 

o 

cost  of  the-  thicker  liner  would  be-  compe-ns.t  te-d  b\-  the  (- 1 im  i tta  t i on  ol 
the'  network  of  concrete'  re-inlorcing  Itars.  e lose-l',  space-d  1 iiu-r  anchoring 
liolts.  and  the  compliant  internal  motinting  ol  conte-nts  reepiii.d  lor  tlu' 
composite'  integral  liner.  Kither  de-siirn  looks  |)romising.  The  justili- 
cat  ion  lor  lollowittg  both  througli  the  re-se-are-h  phase  is  thtil  e-ach 
rejire-sents  ;i  retisonable-  design  ;it  the-  two  e-.xt  rentes  of  accottuttoda  t i ng 
cavitv  clostire  entire-U  with  liner  hoop  strain  or  entirely  with  baek- 
packing  crush.  Also.  I lu-  e'omposite-  integrtil  1 ine-r  pushes  to  the  limit 
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con\  t'iU  ii)ual  ro in IDrcod  conci'cle  design.  t yi)ical  of  massive  s I me t iires . 
while  till'  built-up  design  uses  cimveiil  iona  1 stillened  shell  design  but 
oh  a massixo  scale. 


8.1.  I Desiu'h  Options  ton  Sifuctures  K.xper  iwen  t in  Tull 

I ndoi'iu'ound  tests  at  NTS  oiler  a unique  oiiport  iini  t y to  lest 

superhard  s t rui' t uros  . but  in  the  porous,  re  l.i  t i \ i- 1 \ weak,  tulf  rock 

lotinil  at  the  site.  Test  intt  ol  sup.erhard  t rue  t u res  in  porous  rock  is 

of  interest  in  itself  bccatise  .in  .stich  rock  t hi'  lo.id  P that  must  be 

( ) 

sustaiitod  is  rtduceil  because  of  the  hiphli  shock-.a  I t eiaia  t i iik  iiroiieils 
ol  porotis  materials.  The  iilea  1 supirhard  site,  however,  woulil  combine 
this  desirable  shock-a t t entia t inn  leattire  in  uppi-r  lavcrs  ol  i-ock  with 
the  hinlier  siri'iinlli  oj  harder  rock  in  a lowi-r  layer  in  which  the  strui- 
turc  is  situated.  .'\lso.  il  sticli  ideal  silis  ari'  tm.iv  a i lable . Ihi'  hipher 
sti'cnpth  ol  more  com|tetcnt  rock  ma\  make  it  possible  to  design  a struc- 
ture lull'd  cnouyh  to  I'omiK'n.sa  t e for  i hi'  hipher  shoi-k  t ransmiss  ion  in 
hard  rock.  finis,  t "n  re  is  interest  in  slrucltire  ri'sponse  in  both  hard 
and  soil  folk.  .\  logical  qiic’Stion  lor  teslinp:  at  NTS  is  tlii've'lore 
whether  tests  in  the  suit  lull  material  can  be  used  to  invest  ip.iti 
response  that  v.ould  lake  place  in  hard  rock. 


To  answer  this  question,  we  comp. ire  the  desipn  chart  ol 

I'ipure  8-!).  lor  moderatelv  hard  rock,  with  a simil.ir  desipn  chart 

(apain  based  on  an  a.s  isv  limit  i r ic  analysis)  in  liptire  8-10.  lor  lull. 

The  comp.trison  shows  that  the  desipn  curves  art'  reason.iblv  similar  il 

we  associate  the  1.0  to  2.0  kbar  (lot'  to  200  MPa)  curves  in  the  harder 

rock  with  the  0..T2  to  O.  .a  kbar  (:!2  to  aO  MPa'  curves  for  the  sotlcr 

tulf  material.  lor  similar  cavitv  closures  in  the  harder  and  solter 

rocks,  the  P = 2000  ps  i (l3.8  MPa)  slitictures  in  I'ipure  8-0  comii.ire 
i 

closely  with  P = 1500  psi  (l0.3  MPa  structures  in  1 ipiire  8-10.  The 
i 
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main  clil'torcncc  is  that  the  stnisilivily  oi  oavily  closure  io  load  is 

urealer  in  llie  sol'ter  rock  Ilian  in  the  hardei'  rock.  I'ur  t hei'inore . oi)ser\e 

that  the  raniye  ol  desifin  structural  streny:tliH  P to  be  consiclei’eci  lor. 

1 

sav,  a r>  percent  cavitv  clostire  design,  is  from  P ~ 500  jts  i (3.  Ifi  MPa) 

i 

to  P ~ 1000  psi  (37. (i  MPa'  lor  loads  irom  P = 1.0  to  2.0  kbars  ( 100  to 
i o 

200  MPa)  in  the  harder  rock.  In  the  softer  rock  tliis  same  raii”e  in 

structure  strengths  P corresponds  to  loatls  Irom  0.35  to  0.7  kbar  (35 

i 

to  50  MPa). 

Thus.  I'.Kpei' imen  t s in  lull  will  Kiv<  responsi’  dal.i  on  1 he  same 

struituros  (same  P ) and  lo  the  same  tie  forma  1 ions  ih.il  are  ol  interesl 
i 

lor  harder  rock,  it  the  loading'  itres.suros  are  reduced  Irom  the  1.0  to 
2.0  kbar  ( 100  to  200  MPa)  ranee  down  to  the  0.35  to  0.7  kbar  (35  to 
70  MP.i ' rann'e.  With  this  ranu'e  of  loads  and  associated  struclui'c 
strengths,  the  test  will  therelorc  iirovide  res]tonse  data  that  can  be 
used  lor  both  hard  rock  and  soft  rock  sitinr;. 

The  most  imiiortant  I'ealure  ol  hard  rock  sitimt  not  included 
in  the  test  is  loints.  However,  omission  ol  this  com])!  ica t i ny  ic'alure 
I .IS  the  .ulv.int  a^;-e  lhat  I he  test  results  will  he  much  less  tlotich'd  by 
rock  res])onse  id  lost nc ras ies . Then,  in  luture  tests  with  joints, 
response  features  caused  bv  joints  can  be  sep.i rated  ou  1 from  res])onse 
features  observ<'d  in  Ibis  I es  1 caused  b\-  load  asymmelrt  and  basi<-  rock 
strength  projterlies. 

M.5  .Slij)  Lines  .Ai'ound  Lined  and  I'nlined  Tunnels 

DuritUC  tin-  course  of  our  experiments  oti  itnlitied  and  lined  lunnels 
for  1 1k'  previoits  iiro.jecl  [l  we  oliservi'd  the  lormation  ol  shear 
Iractitres  that  st.irt  at  the  luttnel  and  move  ttearl\  \ertic.ill\  into  the 
rock  medittm  (see  fittiti-es  S-ll(a)  and  H-12(a).")  With  a sitttple  elastic 
analvsls  [7  and  the  Mohr-Cott  lomb  failvtre  criterion,  we  have  comittited 

10  1 


(a)  UNLINED  TUNNEL  EXPERIMENT  - P 
Ph  = 5,000  psi 


POTENTIAL 
SLIP  LINES 


(b)  THEORETICAL  SLIP  LINES  FOR  UNLINED  TUNNEL 

MP-3/43-:' 


FIGUHE  8-11  SLIP  LINfc  PREDICTION  FOR  UNLINED  TUNNEL 


TUNNEL 


'f  - 

a 1 irsl  approxinuil ion  o!  Ihe  looal ion  ol  slip  linos  in  an  inlinilo  bodv 
with  a cylindrical  ca\’il\-  siil)jocted  lo  assmmetric  loading  bv  assuiiiinp' 
ttiat  t tic  principal  stress  trajectories  in  the  inelastic  case  are  similar 
to  those  undoi-  elastic  loadinj;'  [i^. 

The  locations  ot  t licse  slip  lines  deiiend  on  tiie  internal  triclion 
an.ale  c,  H'e  material  and  on  t lie  ratio  ot  l tic  apiilied  vertical  and 
liorizontal  loads,  but  not  on  tlieir  magnitudes.  For  a nonlriction 
material,  these  lines  would  coincide  vvilli  lines  ot  maximum  sliear  stress, 
which  lie  midway^  la  dct;ree.s  (0.783  rad'i  ' between  the  i)rinci[)al  stress 
directions.  tn  our  calculations,  we  ha\e  assumed  a material  with 

= 30  decrees  (0..32I  rad).  This  causes  the  slip  lines  to  bo  inclined 
.11  an  ani;le  ol  15  dei^rees  - . j'2  = 30  donrees  (0.52  1 rad)  to  the  direc- 
tion ol  ma.ximiim  principal  stress.  For  an  intinite  body  with  an  unlinod 

tunnel  stibjccled  to  a vertical  Iroe  tiold  iiressure  P = P and  a hori- 

\- 

zoiital  tree  tield  pressure  P^^  = P 1.  the  Mohr-foii lomh  criterion  iiredicts 

that  tailiire  will  occtir  tirst  at  the  s))r i m;  1 ines  ol  the  tunnel  and  then 

move  at  a steoj)  slojic  through  Ihe  bod\-  as  shown  in  Figure  8-llfb  . since 

the  jirincipal  .‘-•tress  trajectories  are  taiifi'ent  and  norm.il  to  the'  tunnel 

at  the  sitrinn'l  inos.  By  comiiarin^-  this  with  the  spioimen  in  Fijiiiro  8-ll(a' 

which  has  an  uiu'on  lined  comitressive  strenath  = 8500  psi  (58.0  MPa 

u 

and  ■ = 30  di'^roes  o.  .52  1 rail),  we  see  that  the  theoretical  prediction 

is  in  surprisingly  ji'iiuh  aaroomenl  with  (.'xpi'i' iment  . considorina  that  t lie 
elasticity  solution  is  no  lonaor  valid  once  (rai’tiiro  has  beaun. 

similar  analysis  was  done  lor  a tunnel  with  a stool  liner 
liavina  a rad  ins- 1 o- 1 ii  ichru'ss  ratio  ot  15.  With  this  liner,  the  slip 
line's  do  not  iniliate  at  t lie  spr  i nj;l  ines  as  lOr  t lie  unlinod  tunnel. 

Init  st.irt  al  points  52  doaroes  above  and  below  t lie  spi’ i nal  ines 
"ll^,  as  shown  in  Fiau'-e  8-12(b).  Ii\-  i'omi)aring  this  with  its 

oxperiment.il  count  I'rparl  in  Fla\iri>  8-l2(a).  wo  si'o  that  Iractures  in 
Ihe  specimen  also  bcain  at  appreeiable  angles  awa\  I rom  the  sprinaline. 
in  reasonable  aaroemeni  with  the  prf'dicted  location. 
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Appendix  A 


Tm:ORV 

In  ' l’’'  an  analxsis  was  presented  lor  the  static,  clast  ic-periect  ly 
plastic  behavior  oi  a thick-walled  cylindei-  subiected  to  inteiaial  and 
external  pressurization,  illustrated  in  Figure  A-1.  Here,  we  ^ive 
expressions  lor  the  sti'csses  and  strains  when  tlie  external  radius  ot 
the  cylinder  is  inlinite.  These  arc  the  relations  used  in  the  calcula- 
tions in  Sections  8.1.  8.2.  and  8.3. 

Plastic  retiion;  a < i'  K 


I i (I  -v'  ) ^ ./I  / u \ /r\^  ^ 


In  this  appendix,  wo  present  t lie  material  properties  ol  the  i-oeks 
used  in  our  experiments.  Rather  than  attemiit  to  model  details  ol  roeU 

structure  and  le.xture.  we  used  a Krout  c'speeially  destined  to  simulate  i 

the  KL'iieral  eha  rae  t er  i s t ies  ol  a roek  oi  interest.  \Vati'rwa\s  Kxiioriment 
Station  (WES'  provided  us  with  ^-rout  siteeimens  (called  fili  roek  simulant) 
that  simulato  medium  strength  rock  or  .jointed  higher  strength  rock.  The 

0 designates  that  the  roek  was  made  irom  eommei'eial  grade  sand  hut  with  j 

large  grains  removed  hy  a number  (i  sime.  The  B designates  that  it  is 
the  second  formulation  studied  by  WES.  The  A lormulation  is  stronger 
and  was  used  in  our  lirst  program  [l].  Tunnel  exiieriments  were  per- 
formed on  the  rock  in  both  the  drv  and  lull\  water-saturated  conditions. 

The  properties  ol  the  rock  undei'  each  of  these  conditions  are  (k'sci'ibed  I 

next . I 

I 

I 

B. 1 Properties  ol  Saturated  BB  Rock  | 

i 

Material  property  tests  were  iierlormed  b\  WES  and  b\-  SRI  on  samples  ; 

of  the  rock  in  the  lully  wa  t er-sa  t u ra  t ed  condition.  S t rc'ss-st  ra  in  ctir\es 
tor  unconfinod  roc'k  arc  shown  in  Figure  B-1.  The  cur\e  on  the  Iclt  is 

taken  from  data  |)ro\  ided  In  WF.S , the  dashed  liiu'  representing  a secant  I 

or  average  elastic  modulus.  The  curve  on  the  right  is  Irom  tests  done  ^ 

at  SRI.  The  cui’ve  is  olfset  from  the  WES  data  bt'cause  ol  the  large  1 

amovint  of  1 i<.’ ' 1 1 iovis  strain  recpiired  to  seal  the  specimen.  The  uncon-  j 

lined  strength  and  average  modulus  Irom  the  curves  are  in  good  agreement. 

Both  curves  indicate  ait  unconfined  strength  ol  1000- 1 BOO  psi  (27.0  - 
31.0  MPa'  and  an  avc'rage  elastic  modulus  slight  1\  over  2 x 10  psi 


I 

(13.8  tIPa  I . I 


AXIAL  STRESS 


AXIAL  STRAIN  — |>ercent 

MA-3;4;i  31 


FIGURE  B-1  STRESS-STRAIN  CURVES  FOR  MOISTURIZED  GB  ROCK  SIMULANT 


The  hi  luiv  to  1-  of  I l\o  i-oi'k  uiulor  uniaxial  strain  (.■ond  i t ions  is  oi 
inlorost  siiuo  iiuiin  ol  mii'  tunnol  oxitoi' iiuon  i s were  por  lormcd  under  lliis 
t \ pi'  ol  loading.  i'lniiri'  H-2  sliows  a plot  ol  horizontal  pri'ssure  versus 
vorliial  pressure  lor  uniaxial  strain.  The  evirves  (.\  and  b)  are  data 
[)ro\  idl'd  h\  WKS . The  squ.ii'e  and  trianti'ular  symbols  an-  data  obtained 
1 rom  our  tunnel  .xperimenis.  The  data  are  in  reasonable  agri'emenl  ex- 
lepl  lor  an  ml  lei  lion  at  about  15  ksi  ( 103  MPa'  in  the  WKS  curves  that 
does  not  oiiur  in  t hi'  SHI  data.  The  more  nearlv  h\ liros  I a t it'  bihav  ior 
above  15  ks  i (l03  MPa'  in  t lie  UKS  curves  is  attributed  to  the  presenci' 
ol  porevvaler  pressuri'  in  the  UKS  tesis.  Tlie  UKS  tests  were  perlormed 
on  undrained  samples  vvhtli'  t hi'  SHI  tests  were  pirtormed  on  dr.iiiii'd 
samples.  Ki”iire  B-3  is  a iilot  ol  .ixial  stress  versus  axial  strain  I rom 
UKS  uni  ax  i a 1 -s  t I'a  i 11  tests  on  two  specimens  ol  the  (iB  rock. 

Mohr  lailure  envelopis  lor  t hi’  salinated  roik  at  various  lest  ajtes 
.iri'  shown  in  Kinure  B 1.  The  rock  was  kept  moist  dur  ing  aiiinc.  As  the 
test  ati:e  incri’ases.  the  moisture  content  and  decree  ol  saturation  in- 
creasi'.  This  i-.iuses  the  amount  ol  porewatcr  |)icssuri'  thal  develops 
duriiift  the  lest  to  increase  since  the  specimens  .ire  undraiiii'd  duriiii; 
the  lest.  In  I lie  bottom  diagram,  t hi'  spi'cimi'tv  is  lullv  saturated  and 
the  Mohr  circles  are  shilti'd  a cons  i di'ra  b le  dislanci'  to  t hi’  rif;ht  invini; 
to  tile  pori'water  pri'ssui'i’.  It  appears  that  the  anpli'  ol  internal  Iric- 
I ion  lor  1 lie  elleclive  Mohr  lailuri'  envelope  would  bi-  between  30  anil 
10  di’urees  (o.52  1 and  0.098  rad)  lor  low  stress  levels.  1-or  hinl'  stress 
U'vels  I norma  1 sti-i’ss  above  10  ksi  (|08.!I  MPa)],  the  ellei  tive  Iriction 
aiiKle  is  considerablv  reduci'd. 

B. 2 Properties  ol  Drv  OB  Hock 

Material  property  tests  vveri'  also  pi'i  lormed  on  samplt's  ol  thi'  rock 
ill  till'  drv  (--20'  saluralion)  condition.  Kiuure  B-.5  shows  the  stri’ss- 


.strain  ciirvo  jirovided  In  UK.S  lor  unconliiu'il  rock.  The  clast  ii'  modulus 
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FIGURE  B- 


STRESS-STRAIN  CURVE  UNDER  UNIAXIAL  STRAIN  LOADING 
FOR  SATURATED  GB  ROCK  SIMULANT 
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FIGURE  B-4  MOHR  DIAGRAMS  FOR  MOISTURUTD  6B  ROCK  AT  DIFFERENT  TEST 
AGES  (R.  L STOWE  WES) 


STRESS 


aiul  uncoil  r i lU'd  coinprcsis  i vc  sli'ouji;th  arc  .slii;litlv  lower  Hum  the  values 
lor  I he  saturated  rocU.  The  cur\e  indicates  an  unconlined  strcnt;tli  ol 
3000-1000  ps  i (30.7-27.0  MPa)  and  an  averafje  I'lastic  modulus  ol  about 

(i  , 

2 X 10  psi  ; 13. S X GPa  . 

Fimii'c  B-0  shows  a plot  ol  horizontal  pressure'  \ersus  vertical 
pressure  lor  uniaxial  strain.  The  data  were  taken  Ironi  the  SKI  tunnel 
experiments  on  drv  rock.  These  data  are  ver\  close  to  those  i'or  the 
saturated  rock. 

Tifiiire  B-7  shows  a .Mohr  lailure  envi'lope  olitained  b\  UKS  lor  dr\- 
BB  rock.  Since  no  porewater  pressure  is  present,  the  Iriction  anp;le 
,•  = 30"  remains  hinh  lor  normal  stresses  up  to  2 kbar  (200  MPa'. 
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6B  ROCK  SIMULANT 


R STRESS 


Appendix  C 


•IKSTIN'G  M,\CI11M:S  AM)  KNPKR  [^^■:^TAL  PROCKDIRKS 

III  this  aiipondix.  wo  dosii'ibo  the  static  and  dvnamic  testin'^: 
machines  anil  the  pnoceduros  used  I'or  mir  experiments.  The  machines  wore 
desii;ned  and  built  on  a \irovious  DNA  project  Lll-  several  crucial 

mod i 1 ica t ions  were  made  to  the  machines  during  the  course  oi  the  current 
project  to  improw  their  [le r I'ormance  and  extind  their  capabilities. 

t’.l  Dynamic  Testinu'  Machine 

The  basic  operatinj;  tci'hni(.|ue  ol  the  dynamic  tixstiiifi  mai-hine  is 
the  conti'olleil  reUxise  ol  ('xplosix’c  biases  1 rom  a vented  ihamber  charged 
with  low-density  exiilosive.  This  techni(|ue  was  original  1\  developed  at 
SRI  in  1P71  to  simulate  t lu'  sudden  I'eleaso  ol  energy  in  a nucleai-  reactor 
in  a sudilen- loss-o I -coo hint  accident.  In  1972.  the  technique  was 
sucet'ss  iu  1 1\  apfilicd  to  simulate  the  intense  underground  pressure's  that 
stem  horizontal  1 i ne-o  1 -s  igli  t (llbOS'  pipes  in  nuclear  tests.  The 
original  lllXl.S  machine  was  callable  ol  applying  onlv  ax isymme t r ic  pressure 
around  a cylindrical  specimen.  In  1971.  a lU'W  loading  machine  was 
desigiieel  and  built  which  has  the  capabiliti  ol  .ipplving  uniaxia  1 -s  t ra  in 
.iiid  Iria.xial  loadings  as  occur  on  hoi'izontal  deep-buried  tunnels  under 
nuclear  attack  ' 1 '.  During  the  current  program,  mod i i ica t ions  were 
made  to  this  machine  to  improie  its  perlormance  and  to  gi\'e  it  the 
cap.ibiliti  ol  appliing  isotropic  loadings.  In  the  lollowing  paragraphs 
we  desci'ibe  the  current  status  ol  ihis  machine  and  our  t i.'S  I procedure. 

C.1.1  iriaxial  heading  Con  1 i'gura t ion 

An  assembl\  drawing  o|  l he  dinamic  tester  in  the  triaxial 
loading  con  1 igurat  ion  is  shown  in  I'igure  C-1.  The  machine  consists  ot 
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FIGURE  C-1  DYNAMIC  TESTING  MACHINE  TRIAXIAL  LOADING  CONFIGURATION 


a slack  ol'  thick  riiiss  with  lliiid  passaut'wu VS  machiaccl  into  tliom.  Tho 
linns  are  lu'lcl  tonelher  with  end  jilates  and  12  holts  around  the  circuiii- 
ierence.  The  roek  spee  imen  is  I inches  (l0.2  cm  in  diameter  and  3 to  6 
inches  (7.6  to  15.2  cm)  lour;  unci  re'sts  in  the  center  ot  the  machine,  as 
shown.  The'  tunnel  is  bored  completcl  through  t lie  e\  1 i ndr  iea  1 I’oek 
spec  imen  alonn  a diametei-  at  midheinhl.  Viewing  [loi'ts  are  provided  in 
the  machine  at  each  end  oi  the  tunnc'l  to  allow  hinh-speed  pliotonrajiliv 
and  access  Toi'  ins  t rumen  1 a t ion  wire's  (one  poj-t  is  shown  on  the  lell  ol 
the  drawing). 

To  provide  independent  control  ol  \ertical  and  latc'i-al  pressures, 
loading:  is  applied  bv  two  sc'paratc'  explosive  chambc'i's.  The  upper  c.xplosive 
chamber  aiiplies  the  vertical  pressure  and  is  simply  a cylindrical  cavitv 
into  which  an  e.xplosivc'  charge  (a  mixture  ol  Pl'.'l'N  anl  microballoons  and 
a detonator  are  iilacc'd.  The'  h inh-iirc'ssure  c.xplosive  jiroducts  are  \ented 
into  the  exiiansion  chamlier  through  the  series  ol  holes  shown  drilled  through 
the  thick  orilice  plate  between  the  explosive  chamber  and  expansion  chambc'r. 
In  the  expansion  chamber  is  a lialllc'  plate-  to  help  mi.x  the  uns  ntid  carry 
the'  sudden  localized  concent  ra  I ions  ol  pressure  ol  the'  jt;as  as  it  lets 
through  the  orilice  plate.  The  load  is  applied  direct 1\  to  the  specimen 
bv  the  mixed  tias  downstream  ol  the  bailie  plate-.  Ihe  area  e>l  the  holes 
in  the  oi-ilice  [tlatc  determines  the  rise  time  ol  the-  loading;  pulse. 

1 iite  ad.iuslment  ol  the  rise  lime  is  pro\  idc-d  by  chanp:inti  the  c-xpansion 
chamber  voluim-  b\  insert  inti  an  inc-rt  solid  matei-ial.  such  as  Duxseal. 

Uc-lease-  vent  inn  (and  thet-elore  inilse  clecac  time'  Irom  the  explosive 
chambe-r  is  accom])!  ished  throunh  hole's  in  the  vc'iit  rinn  bc'tween  the'  c-x- 
plosive  chamber  rinti  and  the'  end  ))latt'. 

i\  similar  arrannement  at  the  bottom  ol  the'  test  inn  machine  is  list'd 
to  load  the'  sidt-s  ol  the'  specimc'n.  However,  in  this  case',  the'  load  is 
transmitted  by  a lluid-tilled  lateral  pre-ssure  chambe-r.  .\  liellolram  is 


Locatod  just  aljovc'  llie  bat  tle'  plate  to  act  as  an  intei’tace  belwocn  t lie 
p:as  and  the  tluid.  The  lowei-  expansion  chamber  applies  the  lateral 
lircBSure  through  ports  (on  the  tluid-tilled  side  ot  the  Bellotram  seen 
connect  inn  the  lower  expansion  chamber  to  the  lateral  pressure  chamber. 

The  toj)  and  bottom  vertical  pressures  and  the  lateral  pressure  chamber 
are  sealed  oil  bv  thin  copper  cups  and  0-rin;as  above  and  below  the  rock 
specimen.  The  cnjis  are  inverted  so  that  the  iiinli  pressure  acts  inside 
the  cups  and  presses  them  anainst  the  0-rinns  to  seal  the  chamber. 

(.‘\  closer  view  ot  tliese  seals  is  ni\en  in  I'inure  C-12.  tor  the  static 
machine  discussed  later.  1 .Sealinn  between  the  pressure  chambers  and 
external  aniltient  pressure  is  pro\  ided  bv  0-rinn's  as  sliown.  A V.ilson 
seal  described  in  t lie  next  section  seals  the  lateral  pressure  chamber 
Ifom  tlie  rock  and  ca\it\. 

Pressures  are  monitored  in  the  various  chambers  and  passanewavs  bv 
piezoelectric  nancs  installed  in  any  ol  scsen  tapped  ports  in  the  machine. 
I'tvure  C-2(a'  sliows  a pressure  inilse  trom  the  vertical  loatlinp  chamber 
aiiove  the  specimen  and  I'itturc  C'-2(li'  shows  a pressure  pulse  1 rom  t lie 
l.iter.tl  loading  chamber,  around  the  specimen  c i rcuml  c'ri'iice . Rise  time 

in  each  is  about  1 ms.  and  total  pulse  duration  is  abotit  10  ms.  The 

machine  is  c.ipabU'  o(  applying  pressvirc  as  hiyli  as  1 . .T  kbar  (liio  Ml'a  . 

It  is  also  callable  ol  appl\iit}j  a static  preload  to  simulate  a 1 i t ho.=  t a t le- 

st ress  in  the  specimen. 

Specimen  Preparat  ion--The  roi-k  spe  c inwus  .we  ceire-d  intei  1-inch 
(l0.2  cm  -diamete-r  b\  11-inch  (.'la, .a  cm'-lona  sections  I rom  one  larixe 
block  ol  Kfoiil.  The  spi'cimens  are  then  cut  to  the-  di-s  i red  Icntith 
3.  1.  or  ()  inches  (7.(1.  10.2.  or  1.1.2  cm  . .is  desired'.  The  tuniii  1 
openint;  is  drilled  tlirouidi  t hi'  specimen  .it  midheip:hl  as  shown  in 
l-ijjure  t'-3(a)  (a  recess  loi-  the  liner  end  tilt  int;  is  also  ettt  into  t he 
rock  at  the  lunn<  1 opi-niiii:  . Also  shown  in  l-if;ure  C-3(a'  is  a 1 iiu  r 
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FIGURE  C-3  SPECIMEN  LINER  ASSEMBLY 


(with  backpacking  in  this  case)  with  end  littinns  and  O-i-inns  ioi- 
sealiii};'  tlie  luniu-l  entr\  tube  svstem.  Direct  contact  liners  ai’C'  grouted 
intt>  the  tunnel,  and  backpacked  liners  arc  pressed  in  without  j;rout.  as 
showti  in  Fit;urc  C-3(b). 

I'ipiirc  C-1  shows  an  exploded  view  oj  the  t unnel  liner  asseinblv  foi' 
an  undrained  test  (water  is  not  permitted  to  drain  Irom  the  satui-atod 
rock  d\irin^  the  test).  One  end  ol  the  liner  is  sealed  In  beiny:  soldered 
to  tile  end  littina.  I lie  other  end  is  sealed  1>\'  an  0-rinit  in  i ne  end 
littinif  as  shown.  The  liner  assembli  lor  drained  tests  (water  di'ains  Irom 
the  saturated  rock  tlurine  the  test)  is  shown  in  Fiiiure  C-o.  As  in  the 
undrained  case,  one  end  ot  the  liner  is  soldered  to  the  liner  end  littinti. 
This  end  ol  the  tunnel  is  scaled  so  that  phot  o<rraphs  ma\-  be  taken  without 
bein<;  obscured  by  Icakin-  watei-.  At  the  other  end  ol  the  liner,  a gap  is 
lelt  between  i he  liner  and  the  end  litting  so  that  water  mav  drain  Irom 
the  rock  during  the  lest. 

Alter  the  liner  and  iiid  litlings  are  in  place.  <-oppcr  end  caps 
Figure  C'-fi(a  ' are  pi. iced  on  the  specimen  to  seal  the  top  and  bottom 
Figure  C-(>(b'l.  .Strain  gages  are  mounted  c i rcum  I >■  rent  i a 1 1\  to  the  c.ips. 
as  shown,  to  measure  the  latt*ral  i'xpansion  ol  th*'  siitt  irniui  during  the 
test.  Next,  a V.  i Ison  seal  ' 1 igure  C-7(.i  i ^ pl.ufd  .ii'ound  t lu  midsection 
ol  till’  samplt'  [Figure  C-7(b)  i to  seal  it  Irom  t lu-  surroumi  i lu.  lluid  in 
the  testing  machine.  The  Viilson  seal  consists  ol  .1  station  ol  .1  imitoi'- 
cvcle  inner  tube  with  two  small  holes  cut  in  the  einttr.  The  V.ilsoii 
seal  IS  stretcheil  over  the  siiecimen  as  shown. 

Machine  Assembly — .Alter  the  .siiecimen  has  been  prtp.irod.  1 l i.s 
pi. iced  in  the  testing  machine  during  the  assemblx  process.  The  machiiu 
(Figure  C-M  is  .issenibli’d  bv  stacking  one  part  onto  .iiiotlu'r  in  the 


lol  lowing  se(|iieiice; 
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FIGURE  C-4 


LINER  ASSEMBLY  FOR  UNDRAINED  TEST 


FIGURE  C-7  WILSON  SEAL  ASSEMBLY 


(a)  bottom  end  plate 

(b)  bottom  vent  riiiR 

(c)  bottom  explosive  chamber  ring  and  explosive  charge 

(d)  bottom  orifice  plate 

(0)  bottom  expansion  chamber  ring 
( f "I  bottom  baffle  plate 

(g)  Bellofram 

(h)  receiver  plate  and  ring 

(1)  rock  specimen 

(j)  lateral  pressure  chamber  ring  and  tunnel  entry  tubes 
(kl  extender  ring  and  dowel  pins 

(l)  vertical  pressure  chamber  ring 

(m)  top  baffle  plate  and  spacer 

(n)  top  orifice  plate 

(o)  top  explosive  chamber  and  explosive  charge 

(p)  top  vent  ring 
(c))  top  end  plate 
(r)  bolts. 

C.1.2  Isoti'opic  Loading  Con  f igiirat  ion 


An  assemljly  di-awing  of  t lie  dynamic  tester  in  the  isotropic 
loading  coni  igiirat  ion  is  shown  in  Figure  C-9.  The  operation  of  the 
machine  in  this  configuration  is  essentially  the  same  as  in  the  triaxial 
configuration.  The  main  difference  is  that  it  has  only  one  explosixe 
chamber  and  one  expansion  chamber.  The  specimen  is  completely  surrounded 
by  Iluid,  which  transmits  the  load  from  the  gas  iiressure  in  the  expansion 
cliamber  to  the  specimen.  Again,  a Bellolram  acts  as  an  interface  between 
the  gas  and  the  fluid. 


I’ressures  are  monitored  at  various  points  in  the  fluid  bv 
piezoelectric  gages,  as  shown.  Figure  C-10  shows  tvpieal  pressures  at 
Stations  1 and  B.  The  pressure-time  histories  at  both  locations  are 
almost  identical,  indicating  that  undesirable  wave  propagation  eflects 
are  minimal. 

Machine  .Assembly — Figice  C-11  shows  the  assemblv  procedure  for  the 
dynamic  machine  in  the  isotropic  loading  configuration.  .As  before, 
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FIGURE  C-9  DYNAMIC  TESTING  MACHINE  ISOTROPIC  LOADING  CONFIGURATION 
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(a)  STATION  1 (MIDHEIGHT  OF  ROCK) 
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FIGURE  C 10  TIME  HISTORIES  OF  APPl  lED  LOADS 
ISOTROPIC  LOADING 


assombl\-  is  accompl ishod  by  slackiiif;  one  pai-t  onto  another  in  the 
lollowint;  sequence: 

(a)  bottom  end  plate 

(b)  specimen  receiver  plate 

( c ) rock  specimen 

(d'  main  pressure  chambei'  rin^  witli  entry  tubes 
(e)  pressure  chamber  extender  rintt  and  llellolram 
(l)  baffle  plate 

expansion  chamber  rintj 
orifice  plate 

(i  cliarp;e  cliamber  rin^  and  cxplosi\'e  charf>e 
(jl  vent  rin^: 

(k)  top  end  plate 

(l)  bolts 


C . 1 . 3 


Test  Procedure  and  Inst rumentat ion 


After  the  test  itrepa  ra  t ions  are  completed,  t lie  specimen  is 
loaded  b\  detonating  t be  exitlosive.  Pressure  transducers  located  at 
various  points  in  tlie  test  macliine  record  pressure.  For  t fie  triaxial 
loaditi^;  con  f ijAtirat  ton  (Figure  t’-l  . pressures  are  recorded  at  five 
locations.  Station  1 is  in  t lie  vertical  iiressure  chamber.  Stations 
2 and  3 are  located  in  the  lateral  pressure  chamlier.  witti  Station  2 tieiiift 
slifilitl\  aliine  tlie  center  of  tlie  specimen  and  Station  3 sli;j;htlv  lielon-. 
Station  1 is  located  in  tfie  oil  resi'fvoir  in  the  receiver  plate  and 
measures  the  iiressure  on  tiu'  liottoin  ol  t lu'  specimen.  Station  'i  is 
located  in  one  ol  tile  holes  in  the  receiver  plate,  which  transmit  the 
load  I rom  the  lower  e.xiians  ion  chamber  to  the  lateral  [iressure  chamlK-r. 

For  the  isotropic  lo.idinj^  con  I iniira  t ion  f Figure  C-!) ' . jiressures 
arc  la'corded  at  three  loc.it  tons.  Station  I is  located  sli^thtlv  above  the 
cetiter  ol  the  specimen,  .tnd  Station  2 is  located  sliirlitlv  below. 

Station  3 is  located  in  the  oil  reservoir  in  tin-  receiver  plate  to 
measure  the  prissure  on  the  bottom  <>l  the  specinun. 
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Hifili-spoed  pliol  ojiraphs  oi'  t hf  deiorniitiK  tunnel  are  taken  with  a 
Hycam  camera.  The  Iramins  rate  is  dctormi^al  Irnm  Jiducial  mark.s 
recorded  on  the  lilm  by  a t imin-  lio-ht  , pulled  l)y  a standard  oscillato, 
Zero  lime  is  recorded  bv  piil.sinK-  a Uashbulb  s imul  l aneous  1 v with  the 
electronic  delonal  in^'  unit  that  initialc.s  the  e.xplo.sive.  Klap.sed  t ime 
between  evenl.s  is  determined  simply  by  the  number  ot  1 rames  and  l he 

rraminp  rale.  Percent  collapse  may  be  comjjuted  from  relatixe  imauc 
s izos . 

•Afiei-  tile  lest,  the  specimen  is  remoted  Irom  tlie  testing  machine 
and  tunnel  diameter  changes  are  measured  with  a small  hole  say.e.  Also, 
the  outside  dimension.s  ol  tlie  specimen  are  measured  with  a micrometer, 
linally.  the  specimen  i.s  sectioned  and  photographed. 


t'--  Static  Testing-  Maidtiue 

The  static  icsitne  machine  provides  sialic  tria.xial  ioadins  ol  our 
specimens  while  maintainint;  the  tunnels  at  atmosplieric  pressure  and 
providing  photo-raphic  and  inst rumental ion  access.  The  loads  are 
applied  hvdraulicallt  bv  h Lnh-p ressu re  hand  pumps.  An  assemble  drawing 
ut  the  machine  is  shown  in  1 . ^ur.  ■ f-l2.  Lik.'  the  <h  namic  tester,  this 
macitine  consists  ol  a stack  ol  thick  riiurs  held  together  with  end  plates 
and  ten  holts  around  tlie  c i rc  aim  le  rence . The  rock  specimen,  which  is 
1 inches  cm  in  diamete  r ,ind  .'1.  ),  nr  d inches  (7.(5.  10.2.  or 

la. 2 cm  l<m^-,  rests  in  the  center  ol  the  machine,  a.s  shown.  Viewinti' 
ports  ai'e  pmvi.le<l  in  the  machine  (one  port  is  shown  on  the  lelt  ol 
the  drawing  at  the  end  ol  th.'  tunnel  lo  allow  phot  on'raph  i !■  cocerape  ol 
:lu'  delormation  procos.s  and  access  lor  a hole  pae,.  „„,a.sure  tunnel 
diameter  ehaiipes. 


To  provide  ind<. pendent  control  ol  vertical  and  lateral  pressures 
f-r  iriaMal  loadnip  te.sis.  tin.  loading  is  applical  be  two  hami  ptimp.s. 
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FIGURE  C-12  STATIC  TESTING  MACHINE-  TRIAXIAL  LOADING  CONFIGURATION 


Tlio  uppc'i’  aiul  lovvt'f  fluiuiijors  .U'l-  prissur  xzoil  l>\  duo  pump,  and  Uic  side 
chamber  is  pressiir i/ed  t)\  anotlier.  Sealing  Ijctween  the  sidi'  ihamber  and 
tlio  upper  and  lower  chambers  is  aecompl  islu'd  b\  the  iiip  and  O-i'int; 
system  used  in  the  chiiamic  tester.  0-rinn  y.roo\es  are  macliined  into  the 
chamber  walls  at  various  heittlits  to  accommodate  the  dillerent  lentttii 
samples. 

Tile  cups  and  0-rint;s  are  not  used  lor  isotropic  loadiritt.  so  that 
c)il  is  free  to  flow  from  chamber  to  chamber.  Only  one  pump  is  required. 

The  machine  has  been  vised  to  pressures  as  hiv;h  as  2 kbar  (200  MPa). 

■Machine  .\ssemblv  — I'ifvure  (’-13  shows  the  assemblv  procedure  for  the 
static  machine.  Fiv^ure  C-13(a)  shows  the  entrv  tube  system.  .\fter  t he 
copper  caps  ami  Wilson  seal  have  been  placed  around  the  rock,  the  rock 
is  inserted  into  the  lateral  pressure  chamber  rinns  shown  in  Figure  C-13(b). 
The  entrv'  tubes  are  then  inserted  and  strain  na^e  wires  connected  as 
shown  in  Fittiire  ('-13(c).  The  top  and  bottom  pressure  chamber  rinvts  and 
end  plates  are  assembled  as  shown  in  the  exploded  view  in  Figure  C-13(d''. 

The  bolls  arc-  Ihc-n  lor<|Uc-d  down  Fifiiire  (’-13(e)^  and  the  fluid  lines  and 
strain  Kat;e  leads  are  c-onnected  Fii;ui-e  C-13(l)]. 

C.2.1  Test  Procedure-  and  1 n.s  t rumc-n  t a t ion 

During  an  isotropic  loadinj;  test,  the  pi-essurc-  in  the  testei- 
is  increasc'd  in  small  inci-ement.s  [aOO  or  1000  ps  i (3.15  ot-  0.89  MPa  ^ 
dependin;:  on  the  rate  of  tunnel  de  fornui  t ion^  by  a hancl-opei-ated  pump. 

•Alter  c-ach  incrc-ment  ol  loadinj;.  the  tunnel  diameter  at  the  center 
section  ol  the  tunnel  is  measured  with  a small  hole  ttatfc.  We  ft<-’ac'i-a  1 ly 
tiikc-  i-eadiiiivs  at  three  orientations  0 = 0“,  15*'.  9()”  (o,  0.785,  1.57 

rad  ' unl(-ss  wc-  are  i>i-eventc'd  from  doinr;  so  b\  the  prc'senc-c-  of  a buckle-. 
Pholox;raphs  ol  I he  inside-  ol  the  tunnel  are  also  taken  at  this  time-. 
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A similar  prot'ctlurc  is  used  I'oi-  un iix ia  1 -st i-a in  loailinp'.  In 
this  case,  ilie  vertical  pressure  inei'emcnt  is  applied  lirst.  Tliis  causes 
llie  rock  specimen  to  exitand  a small  amount  latei'all\’.  whicli  in  turn 
causes  t lie  strain  i;ar:es  mounted  on  the  side  ol  the  specimen  to  record  a 
Iiositive  strain.  The  lateral  pressure  is  then  increased  until  the  strain 
paftes  indicate  zei’o  average  strain.  Sinee  the  strain  pafios  are  mounted 
at  ditlerent  loealions  on  the  specimen,  thev  do  not  record  idc'iitical 
strains.  However,  it  has  been  our  exj)erience  that  lliey  do  not  ditler 
by  moi'e  than  * 0.03  percent  strain. 

t'.3  Testin';  Maehine  Improvements 

The  testing:  macliines  used  in  this  iiroject  wei'c  oi'ip;inally  developed 
on  a previous  1)N.\  project  ',1^'.  However,  durinp  the  course  ol  the  current 
Iiroji'ct,  several  mod  i 1 ica  t i ons  were  made  to  the  machines  to  im])rove 
their  performance  and  extend  their  capabilities.  These  mod i liia t ions 
produced  improvements  in  the  lour  lollowinp  ari'as:  (l)  tunnel  access. 

(2)  sealing  lictween  vertical  and  lateral  pressure  chambers.  (S')  dvnamic 
pressure  pulses,  aitd  ( l)  <;eiu‘ral  tost  proci'dures.  The  mod i 1 ica t ions 
made  in  each  ol  these  areas  are  described  next. 

C.3.1  Tunnel  .Access 

The  tunitc'l  access  system  was  modi  lied  in  both  the  static  and 
(hnamic  test  machines  to  provide  a passage  through  the  test  apparatus 
wall  with  an  oitcnint;  the  lull  diameter  ol  the  lunnel.  The  new  systc'm, 
which  consists  ol  a relatively  thin  hollow  lube  ol  vein  hiph  strenpth 
steel  ( I’ascomax  1 . replaces  the  old  thick  tidte  system  in  which  1 he 
opeiiinp  was  smaller  than  the  tunnel  diameter.  The  objective  is  to 
provide  unobstructed  physical  and  ojitical  access.  Tnobs  t rin' 1 ed  physical 
access  has  enabled  deformation  as  a lunclion  ol  load  to  be  monitored  bv 
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a small  hole  gage  that  moasiu'cs  tunnel  diameter  changes  at  the  center 
of  the  specimen  during  static  tests.  Unobstructed  optical  access  has 
permitted  photographs  to  be  taken  of  the  tunnel  deformation  process 
during  both  static  and  dynamic  tests. 

An  entry  tube  with  an  opening  the  full  diameter  of  the  tunnel 
was  pi'ovidcd,  and  a liner  scaling  system  was  devised  to  prevent  water 
in  the  saturated  rock  from  jetting  into  the  liner  and  obscuring  the 
view.  This  system  was  described  in  detail  in  Section  C.1.1. 

C.3.2  Sealing  Between  Vertical  and  Lateral  Pressure  Chambers 

Because  the  difference  in  pressure  between  the  vei-tical  pressure 
chamber  and  the  lateral  pressure  chamber  can  become  quite  large  during  a 
unia.Nial  strain  test,  sealing  between  tliese  two  chambers  can  become 
difficult,  especially  in  tlie  static  testing  machine.  This  seal  in  thc 
static  fixture  was  originally  accomplislied  by  an  0-ring.  Unfortunately . 
this  svstom  was  found  to  be  inadequate  at  liigh  load  levels,  particularly 
with  soft  rock.  It  was  then  replaced  by  a complicated  diaphragm  sealing 
system  that  performed  well  for  fairly  stiff  rocks  (e.g. . 6b)  but  was 
still  not  effective  for  softer  rocks  (e.g..  HARM  grout;  that  undei'go 
large  volume  changes  during  a lest.  To  test  such  materials,  a copper 
cup  seal,  which  is  described  in  Section  C.1.1.  was  developed.  This 
system  is  easy  to  use  and  has  performed  well  for  pressures  up  to 
2 kbars  (200  MPa). 

C.3.3  Dynamic  Pressure  Pulses 

The  pressure-time  histories  of  ovir  initial  dynamic  experiments 
were  scaled  pulses  of  a miclear  burst''  i.e.,  rise  time  of  about  100  (is 
and  duration  of  about  1 ms.  Un fortvinat c ly , the  pressure  transducei's 
located  at  variovis  points  in  the  testing  machine  indicated  tliat  some 


wave  to  a tolerable  level  so  that  tlie  pulse  tliat  loads  our  spee  imen  is 
reasonably  smooth  (sec  l'ifi;ure  C-lo'.  To  rethue  uiules iral>le  "spikes" 
in  tlic  pulse  still  lurther.  we  use  a bailie  plate  in  t lie  expansion 
chamber  as  discussed  in  Section  C.1.1. 


C.3.4  General  Test  Procedures 

Several  improvements  ol  a ftenei-al  nature  were  also  made  and 
will  be  listed  hei'e.  First,  the  tcistin^'  machines  were  modi  lied  to  jtive 
them  the  capability  ol  accejit  injt  specimens  1 inches  (l0.2  cm)  and  (i  inches 
(l5.2  cm)  in  leiiftth  as  well  as  t lie  3-inch  (7.6  cm  length.  The  lonp;er 
specimens  arc  used  in  the  nonsyimnet  r ic  loading  <ests  whci’e  perturbations 
in  the  stress  lield  due  to  the  presence  ol  the  tunnel  may  extenil  well 
into  the  rock  medium.  .Also,  a Bcllolram  is  used  as  an  interlace  between 
the  explosive  stases  and  the  lluid  that  surrounds  the  siiecimen.  The 
Bellolram  was  loinul  to  be  more  reliable  and  easier  to  use  than  the 
Mylar  memtirane  used  previously.  Finally,  we  lound  that  mounting;  strain 
ftattes  to  copper  caps  on  the  specimen  ratlier  than  to  the  rock  itselt 
prodvices  more  reliable  strain  readiiif;s  ol  Die  lateral  e.xpansion  ol  the 
specimen,  especially  lor  sattirated  rock. 
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Appendix  I) 


expkhimi:ntal  data 


This  appendix  presents  a siimmarv  ol'  the  results  ol  all 
ments  performed  on  tliis  project.  Table  D- 1 is  a summary  of 
static  tests,  and  Table  D-2  is  a summary  of  all  the  chnamic 
Tills  is  followed  by  pressure  transducer  oscilloscope  traces 
dynamic  tests  discussed  in  the  main  bod\  of  the  report. 


the  experi- 
a 1 1 the 
tests, 
lor  the 


Each  experiment  is  f^iven  a desittnalion  that  consists  of  several 
letters  followed  bv  a hyphen  and  then  a test  number.  The  letters  sig- 
nify the  following; 


S - static  test 
D - dynamic  test 
I - isotropic  loading 
I'.X  - unia.xial-strain  loading 

TX  - triaxial  loading  (the  number  lollowing  TX  indicates  the 
lateral  confining  pressure  in  ksi) 

C - calibration  test 


The  number  following  the  lupiten  indicates  the  sc(|uent  ial  number  of  the 
test.  Static  tests  run  from  1 to  89  and  dynamic  tests  run  Irom  1 to  10. 
For  example,  ST.Xl.0-2  indicates  static  test  numbt'r  2:  the  loading  is 
triaxial  with  a lateral  conlining  pressure  of  1 ksi  (ii.89  MPa). 

Figtircs  D-1  t('  D- 1 give  t lie  pressure  histories  lor  dynamic  tests 
1)1-22,  DI-27,  DI-28.  and  1)1-38. 


I’RS'-EDr  .0  P/wE  BI^NK-NCT  fID-IHID 


STATIC  TEST  SUMMARY 


Itx 


DYNAMIC  TEST  SUMMAin 


STATION  ^ (MIDHEIGHT  OF  ROCK) 


STATION  3 (BOTTOM  OF  ROCK) 

MP-3 163-63 

FIGURE  D-1  PRESSURE  HISTORIES  FOR  DYNAMIC 
TEST  DI-22  (200  psec/div,  4 ksi/div) 


2 1 f) 


STATION  1 (MIDHEIGHT  OF  ROCK) 


STATION  3 (BOTTOM  OF  ROCK) 

MP-3163-64 


FIGURE  D-2  PRESSURE  HISTORIES  FOR  DYNAMIC 
TEST  DI-27  (200  /Lisec/div,  4 ksi/div) 


STATION  1 (MIDHEIGHT  OF  ROCK) 


STATION  3 (BOTTOM  OF  ROCK) 

MP-3163-65 

FIGURE  D-3  PRESSURE  HISTORIES  FOR  DYNAMIC 
TEST  DI-28  (200  A'sec/div,  4 ksi/div) 
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ATTN:  Civil  Del  Ri-s  Pro] 

OTHKR  COVr.RNMKNT  AtH’-NClFS 

Department  o|  Inferior 
RiiriMu  ot  Mines 

ATTN:  lei  bnii  -»l  1 ibrarv 


i 
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nKPARTMKNT  0K_  Om^NST  a>STRAaORS 

AiTo.sp.u'o  Corporal  ion 

ATTN:  loi-h  Into  Sorvii-os 


DKPARTMKSr  OF  UFFKNSK  CONTRACTORS  (Com inuod ) 


Katiun  St  ioni-os  Ci»ri»t»rat  ion 
ATTN:  Lihrarv 


A»*bab  ian  Assoo  i aios 
2 Cv  ATTN:  M.  A>;babian 

Applied  Theory,  Itu  . 

J Cv  /\TTN:  John  C.  Trulio 

Aveo  Kes«*ar»'h  A Systems  t^roup 

ATTN:  Research  Library  AHtO.  Rm  7J01 

Baltelle  Menk*rlal  Institute 

ATTN:  Teehniral  library 

The  ROM  Corpi»rat  ion 

ATTN:  Teehnieal  library 


Ittt'kheed  Missiles  & 
ATTN:  Te.hnit 

ATTN:  Tom  Ut 


t »•  Company 
Int»>  Ct  r 1)/C«>1 1 

Bldg  JOS 


LoVil.ue  Fv»un»iat  ion  l•*r  Metll.al  Kdueal  Km  h Researeh 
ATTN:  Assist  Dir  ol  Res,  Ri^bert  K.  Jones 

ATTN:  Teehni.al  Library 

Mtiionnell  iXmglas  Corporal  li’n 
AITN:  Robert  W.  Halprin 

Merritt  Cases,  lin  . 

ATTN:  Teehnital  Mbrarv 

The  Mitre  Corp»'ration 


The  Boeing 

Company 

ATTN: 

Library 

ATTN 

Ae  rospae  e Libra  rv 

ATTN 

Robert  Pvril.ihl 

Nevyrruirk,  Nathan  M. 

ATLN  : 

Nathati  .M.  Nov.-mark 

(!,i  1 Iforn  ia 

Research  i»  reehnology,  liu. 

ATTN: 

Will  iam  H.i  1 1 

ATTN 

Sheldim  Shuster 

ATTN 

Ken  Krevenhagen 

Physics  lull 

rnatituial  Company 

ATTN 

Teehnieal  Library 

ATTN : 

tXn-  (.'iitrol  tor  Robert 

AITN : 

IX>i  Contri'l  tor  Charle 

('.alspan  Corporal  Ion 

ATTN : 

IVu-  Control  for  F.  T. 

ATTN 

Teehnieal  Library 

ATTN : 

Dv>e  C.<»ntrt'I  tor  Dennis 

ATTN ; 

IX>e  (U'nirt'l  tor  Larrv 

Civil/NurU 

ar  Systems  (a>rp«»rat  ion 

ATTN: 

IXu-  (\>nt  rol  tor  Teehni 

ATTN 

Robert  Cr.iwtonl 

K&D  Assi>el.il 

es 

I n i vers i t v 

of  Davlon 

ATTN: 

Wi 1 I iam  B.  Wright , Jr. 

Indtist  rial 

Sei’urity  Super  KL-^n*) 

ATTN: 

A1  h«T(  !. . L.it  t or 

ATTN 

HalU)ek  F.  Swilt 

ATTN: 

Harold  L.  Brode 

ATTN : 

Ji'rrv  Carpenter 

I’nversitv  of  Denvi*r 

ATTN : 

Henrv  Cooper 

ATTN 

See  Officer  for  Fr»*d  P.  Vend  i 1 1 i 

ATTN : 

J.  Lewis 

ATTN 

See  Otfieer  ft>r  t.  Wisi>tski 

ATTN: 

Ri'bert  Pott 

AITN: 

Te.  hnieal  Libr.iry 

r-i'.hC,  Ine. 

Albuquer(|tit 

Di  V is  ion 

Seietu'i*  App  1 ie at  {»»ns , Ine. 

AITN 

Teehnieal  Library 

ATTN; 

D.  F.  Mixwoll 

ATTN: 

D.ivid  Bernstein 

The  Fr.inkl  in  Institute 

ATTN 

/.enons  Zudans 

Seienia-  Appl  teat  i(»ns  , Ine. 

ATTN: 

U>ehnieal  Libr.try 

Card,  In«-. 

ATTN 

C.  1.  Ne id hard! 

Soiitliwest  Rt 

seanh  Institute 

ATTN : 

Wilt  red  K.  Baker 

(h>nt*ral  Fleet  rlr  Campany 

ATTN : 

A.  B,  Wenzel 

TKMPO-Cent er  for  Advaneetl  Studies 

ATTN 

DAS  1 AC 

It.*'  r : : • 

• ir  *,  • - • 

AT-N: 

!*»•■  . At 

1 IT  Researrh  Institute 

•\  . : 

i:  =-T  e 

ATTN 

R.  K.  Welch 

AL. 

■.  ■.  'o  L. 

ATTN 

Milton  R.  Johnson 

ATTN 

Teehnieal  Libr.iry 

i!i  1 . w--'  . . 

vi.  j H.  Irit.- 

Inst  Itute 

or  Defense  Analyses 

: 

-i.  it  rn.»-y 

ATTN 

IDA  t.ibr.irlan,  Ruth  S.  Smith 

k. 

Kanuin  Avidvne 

A.  . . t 

iij*  y 

ATTN 

Teehnieal  Library 

A.  . 

-*.til  anl  1 1 rsr.v 

ATTN 

E.  S.  Crist  lt>ne 

ATTN 

N(*rmi»n  P.  Hobbs 

. • • !•'«  •.  , 

In  ■. 

','7'". : 

-ir.  :iwi;..‘ 

s (K>dfrev 
Mt»ore 


A.  Behrmann 
»al  Library 
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nKPARTMKS  r OK  nKKKNSK  KONn'RACn'ORS  _(C:.»JU  i nut^) 

TRW  Systems  {^roiip 

AI'TN:  Tooh  Ini'o  /S- 1 M io 

J Cy  ATTN':  Pi-tor  K.  I\ii.  KI/JI7(» 

f'RW  Syslk'ms  (**ri»ii|> 

ATTN:  K.  V.  5J7/7I2 

t’nivfrsii  I An.ilyt  ii*s,  Inc  . 

ATTN:  k'.  I.  Kifld 

I'RS  Rosf;»rct\  C\>mpnnv 

ATTN:  Tfc hn i ca I l.ihr.iry 

WauR.  The  Kric  H. 

Civil  KfiKiru'critiR  Rsch  Kac 
ATTN:  Lirry  lUcklc 

A'lTN:  Nc.il  Baum 


DKPARTMKNT  OK  CONI  K/\CTORS  (Ciuu  i riucii ) 

Wash  ingt.ni  State  I’niversitv 
Ailminist  rat  ivt*  Office 

ATTN:  Arthur  Miles  Holiort  for 

Oeiinje  Ihjval 

WeiillinRer  Assoc  Consulting  Knftineers 
ATTN:  Melvin  h.  Baron 

U’i*  iiil  Assoc  Consulting;  engineers 

ATTN ; .1.1  sen  he  r>; 

West  iny.hoiise  Klet-f  rii’  ('«>nip.uu' 

M.irine  Division 

ATTN:  W.  A.  Volz 


